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ABSTRACT
T en s ile  t e s t  specim ens were cu t from high d e n s ity  p o ly e th y len e  
sh e e t  th a t  had been f u l ly  co ld  drawn. The angle (Xq) between th e  
t e n s i l e  a x is  and th e  i n i t i a l  draw d ir e c t io n  was varied  from 0 °  to  
90° and th e  specim ens deformed between the tem peratures o f  ~10°C and 
120°C. With th e  a id  o f  a dot p r in t in g  techn ique, a n a ly s is  o f  the  
m acroscopic s t r a in s  rev ea led  an approximate sim ple sh ear p r o c e s s ,  
fo r  specim ens w ith  an g les o f  l e s s  than 90° and g r e a te r  than 0 ° .  
D evia tion  from sim ple sh ea r , which was accounted fo r  in  terms o f  a 
shear r e o r ie n ta t io n  m odel, was found to  be approxim ately independent 
o f  , a lthough tem perature s e n s i t iv e .  I t  i s  shown th a t th e shear  
p rocess beyond y ie ld  can be d escr ib ed  in  terms o f  a flow  c r i t e r io n ,  
the param eters o f  which were dependent upon X^  and tem perature.
The e l a s t i c  and p r e -y ie ld  deform ation behaviour fo r  specim ens 
w ith  a n g les  between 70° and 30° was in v e s t ig a te d  a t  22°C, and i t  
appeared th a t the o n set o f  the flow  c r it e r io n  occurred b efo re  the  
y ie ld  p o in t (lo a d  maxima) a t a c r i t i c a l  sh ear s t r a in .  Specimen 
deform ation was a ls o  analysed  in  terms o f  th e  r e la t io n s h ip  between  
r eso lv e d  shear s t r e s s  and shear s t r a in ,  and t h is  was found to  be 
independent o f  Xq .
Changes in  th e morphology during redrawing were rev e a led  by 
u sin g  a com bination o f  wide and low angle X-ray d if f r a c t io n  te c h ­
n iques to g e th er  w ith  m acroscopic s tr a in  measurements. Assuming a 
p r in c ip le  o f  su p erp o sitio n  o f  shear s t r a in s ,  two modes o f  s l i p  
p a r a l le l  to  th e o r ien te d  chain a x is ,  in t r a c r y s t a l l in e  s l i p  and 
f i b r i l l a r  s l i p ,  were p o stu la ted  in  order to  account fo r  the observed  
m acroscopic shear s t r a in .  I t  was found th a t both  modes were 
tem perature s e n s i t i v e .
D edicated  to
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CHAPTER 1
G eneral In trodu ction  
In troductory  Remarks
When a s o l id  polymer undergoes la r g e  p la s t i c  deform ation , 
con sid erab le  changes occur in  the morphology, w ith th e r e s u l t  th a t  
the polymer chains and c r y s t a l l i t e s  a lig n  in  th e d ir e c t io n  o f  th e  
a p p lied  s t r e s s ,  consequently  th ere i s  a p referred  o r ie n ta t io n . The
e f f e c t s  o f  o r ie n ta tio n  on the p h y sic a l p ro p er tie s  o f  th e  polymer are *
profound. Due to  o r ie n ta t io n , an a n iso trop y  in  th e m echanical 
p ro p ertie s  o f  the polymer i s  produced w ith th e r e s u lt  th a t the  
polymer i s  much stro n g er  in  th e d ir e c t io n  o f .o r ie n ta t io n  than a t  
r ig h t  an g les to  i t .  Knowledge o f  t h is  an iso trop y  i s  o f  importance 
e s p e c ia l ly  as th e use o f  o r ien ted  sy n th e t ic  polymers in  th e  form o f  
f ilm s  and f ib r e s  i s  in c r e a sin g  in  s o c ie t y .
The aim behind t h is  p r o je c t  was,  th e r e fo r e , to  an a lyse  the  
e f f e c t  o f  t h is  an iso trop y  upon the t e n s i l e  deform ation behaviour o f  
o r ien ted  high d e n s ity  p o ly eth y len e  (R ig id ex  type 2) a t various  
tem peratures. The r e s t  o f  t h i s  chapter w i l l  be a b r i e f  survey o f  
the p r o je c t ,  w ith few r e fe r e n c e s , as i t  i s  con sid ered  more a p p lica b le  
to  lea v e  them to  th e appropriate ch ap ters.
1 .2  Flow C r iter io n
Work ca rr ied  out by Hinton and R ider (1968) on th e t e n s i l e  
deform ation o f  o r ien te d  p o ly eth y len e  a t room tem perature, was the  
s ta r t in g  p o in t fo r  work in  t h is  p r o je c t .  They found th a t specim ens
-  9 -
cu t out a t various a n g les to  th e draw d ir e c t io n ,  y ie ld e d  in  accord­
ance w ith  a s t r e s s  c r i t e r io n  fo r  y i e ld ,  su ggested  by Coulomb (1773) .  
In t h e ir  work, th e  y ie ld  p o in t was assumed to  be th e  p o s it io n  o f  
maximum load  on the u sua l lo a d -ex ten s io n  cu rve, r e fe r r e d  to  below as 
load  maxima.
At th is  p a r t ic u la r  sta g e  o f  th e  p r o je c t ,  on ly  deform ation a f t e r  
load  maxima was o f  in t e r e s t  and n o t th e s ig n if ic a n c e  o f  y ie ld  p o in t .  
I t  was found th a t th e Coulomb c r it e r io n  cou ld  s a t i s f a c t o r i l y  ex p la in  
the deform ation a f t e r  load  maxima, and fo r  t h i s  reason i t  seemed 
appropriate to  use the concept o f  a flow  c r it e r io n  ra th er  than a 
y ie ld  c r i t e r io n .  The a p p lic a t io n  o f  t h i s  c r i t e r io n  was t e s t e d  
between the tem peratures o f  0°C and 120°C and i t  was found to  be 
v a lid ,  although th e param eters in  th e  th eory  were tem perature 
s e n s i t iv e .
1 .3  Geometry o f  Deformation
The term ff l o w ’ i s  g e n e r a lly  taken to  mean ir reco v er a b le  sh ea r ,  
and although i t  i s  o fte n  a s so c ia te d  w ith  l iq u id s ,  i t  i s  a ls o  e v id e n t  
in  v i s c o e la s t i c  m a ter ia ls  such as polym ers. I t  was found th a t  th e  
mode o f  deform ation o f  o r ien te d  p o ly e th y len e  was to  a good approxi­
mation sim ple shear p a r a l le l  to  th e  o r ien te d  polymer chain  a x is  
d ir e c t io n ,  r e fe r r e d  to  as the c d ir e c t io n .  Therefore a s so c ia te d  
w ith  a flow  s t r e s s  c r i t e r io n  th ere  was a ls o  a corresponding sim ple  
shear mechanism. E xten sive s tu d ie s  in to  th e  geometry o f  deform­
a tio n  ca rr ied  out between th e tem peratures o f  22°C and 120°C, 
revea led  a gradual in crea se  in  d ev ia tio n  from sim ple sh ear w ith  
tem perature r i s e .  Specimens were a ls o  annealed a t  tem peratures o f
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u p to l2 0 °C  in  a i r ,  and then te s te d  a t  room tem perature, in  order to  
f in d  out i f  th ere  were any d if fe r e n c e  in  deform ation behaviour  
between annealed specim ens and th ose  deformed a t th e eq u iv a le n t  
e le v a te d  tem p eratu res.
1.4- Y ie ld  P oint and P re-Y ie ld  S tu d ies
A y ie ld  c r i t e r io n  i s  a c r i te r io n  fo r  th e o n set o f  p la s t i c  
deform ation and i s  g e n e r a lly  d e fin ed  in  terms o f  th e  a p p lied  s t r e s s e s ,  
although o c c a s io n a lly  in  terms o f  s t r a in .  S tu d ies in to  th e  recovery  
or e l a s t i c  behaviour o f  deformed specim ens w ith  various i n i t i a l  
o r ie n ta t io n  an g les (XQ) were made a t  room tem perature,and i t  was 
found th a t ir r e s p e c t iv e  o f  Xq , th e  e l a s t i c  reg ion  was o f  th e  order 
o f  2 % t e n s i l e  s t r a in ,  whereas th e y ie ld  p o in t which was taken to  be 
load  maxima, v a ried  between 4% and 50%, depending upon XQ . When 
tru e  s t r e s s  ra th er than nominal s t r e s s  was con sid ered , i t  was found 
th a t on ly  s t r e s s  maxima occurred fo r  th ose  specim ens th a t  had XQ 
v a lu es g rea te r  than 5 5 ° .  In te r p r e ta tio n  o f  load  maxima as having  
any in t r in s ic  meaning in  terms o f  y ie ld  was th ere fo re  in  doubt.
A fter  an a ly sin g  th e re so lv e d  shear s t r e s s  and re so lv e d  sh ear s tr a in  
data from specim ens w ith  Xq < 55° , i t  was found th a t  flow  began 
much e a r l ie r  on in  th e deform ation p r o c e ss , ra th er  than a t  load  
maxima, as p rev io u s ly  assumed. I t  was in  fa c t  found th a t th e  o n set  
o f  f lo w , in  terms o f  th e  c r i t e r io n  u sed , began at a c r i t i c a l  r e so lv e d  
shear s t r a in .
A reg io n  o f  deform ation s t i l l  however e x is te d  between th e  e l a s t i c  
l im it  and the on set o f  th e  flow  c r i t e r io n .  This reg ion  was th e r e fo r e  
in v e s t ig a te d  and a sim ple em p ir ica l ex p ressio n  developed in  order to
p r e d ic t  th e  e f f e c t  o f  Aq upon th e observed  r e la t io n s h ip  between  
the r e so lv e d  shear and normal s t r e s s e s  a c t in g  on the s l i p  p la n e .
1 .5  S tru c tu ra l S tu d ies
With t h is  l a s t  s e c t io n  o f  work, i t  was hoped to  f in d  a co rre­
la t io n  between th e  m acroscopic and s tr u c tu r a l changes during th e  
deform ation o f  o r ie n te d  p o ly e th y le n e . O riented p o ly eth y len e  has a 
w e ll  d efin ed  f ib r e  te x tu r e , thus m orphological changes during  
redrawing were e a s i l y  in v e s t ig a te d  u sin g  wide and low an gle X-ray 
d if f r a c t io n  te c h n iq u e s .
The s tr u c tu r a l model adopted fo r  o r ien te d  p o ly eth y len e  i s  
s im ila r  to  th a t su ggested  by P e te r lin  (1 9 7 1 ) ,  in  which th e b a s ic  
elem ent i s  th e  m ic r o f ib r il  th a t c o n s is t s  o f  a lte r n a te  c r y s t a l l in e  and 
amorphous la y e r s  stack ed  along th e  f ib r e  or c d ir e c t io n . The 
m ic r o f ib r ils  are connected to  one another by t i e  m o lec u le s , and th e  
space between th e  m ic r o f ib r ils  i s  a s so c ia te d  w ith  m icrovoids in  th e  
m a te r ia l.
I t  was found th a t th e m acroscopic deform ation , which was 
approxim ately sim ple sh ea r , cou ld  be accounted fo r  on a subm icroscopic  
l e v e l  in  terms o f  s l i p  w ith in  th e c r y s t a l l in e  r e g io n s , r e fe r r e d  to  as 
in t r a c r y s t a l l in e  s l i p ,  and s l i p  between m ic r o f ib r ils  r e fe r r e d  to  as 
f i b r i l l a r  s l i p .  At room tem perature the i n i t i a l  mechanism was 
in t r a c r y s t a l l in e  s l i p ,  although la t e r  on in  the deform ation p rocess  
a tr a n s it io n  p o in t was reached , a f t e r  which f i b r i l l a r  s l i p  began.
This tr a n s it io n  from in tr a c r y s ta l l in e  to  f i b r i l l a r  s l i p  occurred a t  
the same m acroscopic sh ear s t r a in ,  ir r e s p e c t iv e  o f  A . S tu d ies
were a ls o  ca rr ied  out a t e le v a te d  tem peratures, although m ainly a t  
105°C, and i t  was found th a t th e  two modes o f  shear were tem perature  
s e n s i t iv e .
O rien ta tion  changes during deform ation were in v e s t ig a te d  u sin g  
b ir e fr in g e n c e  and wide angle X-ray tech n iq u es , and a sim ple  
m athem atical model su ggested  by Modlen (1969) was f i t t e d  to  th e  (002)  
p o le  d e n s ity  d is t r ib u t io n .  The p o s s i b i l i t y  o f  v o id  c lo su r e  due to  
shear s tr a in s  was a lso  co n sid ered , although no ev id en ce  was found in  
th e  specim ens t e s t e d .
F in a l ly ,  specim ens were s l i g h t l y  cr o ss lin k e d  by ir r a d ia t io n  in  
order to  f in d  out i f  e i th e r  o f  th e  two p o s tu la te d  modes o f  shear  
cou ld  be in h ib ite d  in  any way.
CHAPTER 2
Specimen Preparation and Experim ental Techniques
2 .1  M ateria l S p e c if ic a t io n
S tu d ies  were ca rr ied  out on a high d e n s ity  p o ly e th y le n e 3
manufactured by B.P .  Chemicals L td . (R ig id e x ) . This was a homo-
-  3polymer o f  m elt index 0 .2  (ty p e  2) w ith  a d en s ity  o f  0 .96  g cm , 
and had a h igh  c r y s t a l l in i t y  to g e th er  w ith  a h igh m olecu lar w eight 
(M  ^ = 1 1 5 ,0 0 0 ) . The manufacture o f  R ig id ex  type 2 has now been 
d isco n tin u ed .
2*2 Specimen Preparation
The p o ly eth y len e  was i n i t i a l l y  rec e iv ed  in  p e l l e t  form. An
is o tr o p ic  sh e e t  was produced when th e  p e l l e t s  were com pression moulded
a t 190°C, and quenched in  w ater which was a t a tem perature o f  about
15°C. A photograph o f  th e  is o t r o p ic  s h e e t ,  moulded in  th e  form o f
a dum b-bell, i s  shown in  Figure 2 . 1 ,  to g e th e r  w ith  th e mould and
p ress in g  p la t e s .  In th e moulding p r o c e ss , aluminium f o i l  was p laced
between the p o ly eth y len e  p e l l e t s  and p r e ss in g  p la t e s ,  so  as to
prevent adhesion between specimen and p la te  s u r fa c e s . The r e s u lt in g
dum b-bell sh e e t  was 17 .5  cm lo n g , 6  cm across the n eck , and ap p rox i-
— 3m ately 0 .1 1  cm th ic k ,  w ith  a d e n s ity  o f  0.958 g cm , and n e g l ig ib le  
b ir e fr in g e n c e , confirm ing th e iso tr o p y  o f  th e  s h e e t .  O riented  
p o ly eth y len e  was then obtained  by co ld  drawing th e is o t r o p ic  sh e e t  
at a crosshead speed o f  10 mm min""1 u s in g  an E-type tensom eter as 
shown in  Figure 2 . 2 .  When h igh  d e n s ity  p o ly e th y len e  i s  co ld  drawn, 
i t  n eck s, s t r e s s  w h iten s, and produces a n a tu ra l draw r a t io  o f  about
8 . In v e s t ig a t io n s  in to  the e f f e c t  o f  s t r a in  r a te  and tem perature 
on th e n a tu ra l draw r a t io  were performed by Andrews and Ward (1 9 7 0 ) ,  
who found th a t th e  draw r a t io  was alm ost independent o f  s t r a in  r a te .
A g r id  system  stamped onto the p o ly eth y len e  p r io r  t o  co ld
drawing enabled  th e draw r a t io s  in  th e  d ir e c t io n  o f  draw (Ry)*
perp en d icu lar to  th e draw in  th e  p lane o f  th e  sh ee t (Rx )> to  be
c a lc u la te d . Specimen th ick n ess  r a t io  (Rz ) was c a lc u la te d  from
micrometer m easurem ents. The r e s u lt s  shown in  Table 2 .1  g iv e  va lu es
o f  Ry, R^, and Rz ob ta in ed  from four d if f e r e n t  co ld  drawn specim ens,
where i t  appears th a t  on average a n a tu ra l draw r a t io  (R^) o f  8 .5  was
ob ta in ed , and th a t  deform ation occurred w ith  approxim ately con stan t
volume ( i . e .  R R R = 1 ) .  In f a c t ,  changes in  d e n s ity  o f  p o ly -  x y z
eth y len e  on drawing rev ea led  a sm all in cr ea se  in  volume o f  about 4%.
Using a h a l f  ton e p r in tin g  p la t e ,  an orthogonal g r id  o f  ink dots  
0 , 2  mm apart was then p r in ted  onto th e  drawn m a te r ia l,  w ith  one o f  
the p r in c ip a l g r id  d ir e c t io n s  p a r a l le l  to  th e o r ien te d  chain  a x is  
d ir e c t io n  (c  d ir e c t io n ) .  The erro r  in  g e t t in g  th e g r id  and c 
d ir e c t io n s  p a r a l le l  was found to  be w ith in  0 . 5 ° .  This dot techn ique  
was adopted in  order to  measure specimen s tr a in s  during th e  sub­
sequent sta g e  o f  the deform ation p r o c e ss . F in a l ly ,  dum b-bell shaped  
t e n s i l e  t e s t  specim ens w ith  a 10 mm long p a r a l le l  reg ion  and 2 .4  mm 
w ide, were cu t out o f  the drawn sh e e ts  w ith  the a id  o f  a hand p ress  
and d i e ,  a t  various an g les to  th e  c d ir e c t io n .  A photograph o f  
the c e n tr a l reg ion  o f  such a dum b-bell shaped specimen i s  shown in  
Figure 2 . 3 ,  where the p r in c ip a l g r id  d ir e c t io n  (c  d ir e c t io n )  i s  
denoted by g . d .
-  15 -
2-3  D en sity  Measurements
A few d e n s ity  measurements were ca rr ied  out on p o ly e th y len e  
u sin g  two d e n s ity  grad ien t colum ns, manufactured by Davenport. The 
two columns used c o n s is te d  o f  a water and eth an o l m ixture th a t  gave
* — 3 — qa d e n s ity  range from 0 .9 1  g cm t o  0.98  g cm .
2**+ T en s ile  T estin g  Machines and H eating U nits
Two t e n s i l e  t e s t in g  machines were used in  the course o f  th e  work. 
The f i r s t  was th e E -type Tensometer as mentioned in  s e c t io n  2 . 2 ,  
which was used fo r  co ld  drawing th e  is o tr o p ic  sh ee t and redrawing the  
sm all dum b-bell shaped specim ens. This machine was used i f  e i th e r  a 
high load  was req u ired , or a lo a d -ex ten s io n  curve needed. A 25 Kg 
load  c e l l  was used fo r  most o f  th e  work which gave a range o f  
s e n s i t i v i t i e s  from 1 Kg to  25 Kg f u l l  s c a le  d e f le c t io n  ( F . S .D . )  on 
the chart reco rd er . The 2 .5  Kg F.S.D.  was u su a lly  used fo r  room 
tem perature t e s t s ,  but a t h igh er tem peratures the 1 Kg F .S .D .  was 
r eq u ired . A range o f  crosshead  speeds were o b ta in ab le  by changing  
a gear r a t io ,  although the va lu es  o f  10 mm min 1 and 0 .67 (2/g) , mm min 1 
were g e n e r a lly  u sed . The chart speed  was d ir e c t ly  r e la te d  t o  th e  
crosshead sp eed , and various r a t io s  were p o s s ib le ,  however fo r  most 
work ca rr ied  o u t, on ly  a chart to  crosshead  speed r a t io  o f  2 0 : 1  was 
u sed . Checks on th e  recorded load  and crosshead  speed were found  
to  be w ith in  1%. A ttached to  th e  Tensometer was an environm ental 
chamber manufactured by Sondes P lace Research L ab o ra to r ies , th a t  
enabled specim ens to  be te s te d  between the tem peratures o f  -70°C  
to  +250°C, to  an accuracy o f  1°C.
The second t e n s i l e  t e s t in g  machine shown in  Figure 2 .h ,  was 
b u i l t  so  th a t a specimen cou ld  be deformed and viewed under a m icro­
scope a t  the same tim e. A mains operated synchronous motor 
manufactured by Sm ith 's Clocks and Watches Ltd. was used fo r  d r iv in g  
the crossh ead , th e  speed o f  which was g e n e r a lly  0 .67  mm min *. No
load  record in g  f a c i l i t i e s  were a v a ila b le .  I t  was p o s s ib le  to  ho ld
th e deformed specimen a t  con stan t le n g th , a f t e r  th e  motor had been 
removed, by clamping th e  d rive  screw s, u s in g  clamp C shown in  
Figure 2.*+. The purpose behind t h is  p a r t ic u la r  f a c i l i t y  i s  
exp la in ed  in  th e X-ray d if f r a c t io n  s e c t io n .
To in v e s t ig a te  the deform ation o f  specim ens a t e le v a te d  temp­
era tu res  under th e  m icroscope, a sm a ll h ea tin g  chamber p lus  
tem perature c o n tr o lle r  was designed  and b u i l t .  The sm all t e n s i l e  
machine was housed in  th e  chamber, and th e specim en viewed through  
o p t ic a l  windows (s e e  o .w .  in  Figure 2 . 5 ) .  As shown in  Figure 2 . 5 ,
the h ea tin g  chamber c o n s is t s  o f  two u n it s ,  th e in n er most u n it  made
o f  aluminium was surrounded by two h ea tin g  elem ents th a t c o n s is te d  
o f  nichrome tape (0 .15  cm x 0 .015 cm) wound around s t r ip s  o f  m ica. 
The h ea tin g  elem ents were then in su la te d  from th e  aluminium body 
u sin g  more m ica. F in a l ly ,  th e in n er u n it  was en c lo sed  by another  
chamber made from Sindanyo, a m a ter ia l th a t  has very  good therm al 
in s u la t in g  p r o p e r t ie s .
The tem perature c o n tr o lle r  c i r c u i t  diagram i s  shown in  Figure  
2 . 6 .  This was based on the Wheatstone b rid ge p r in c ip le ,  where a 
th erm ister  which has a n eg a tiv e  tem perature c o e f f i c ie n t  o f  r e s i s ­
tance was p laced  in s id e  the heatingcham ber, and in corporated  in  one 
arm o f  th e b r id g e . The o th er  arm o f  th e  b rid ge c o n s is te d  o f  a 
v a r ia b le  r e s is ta n c e  which enabled a p a r t ic u la r  tem perature to  be
-  17  -
s e le c t e d .  The out o f  b a lan ce current from th e  bridge was a m p lif ie d ,  
and used to  c o n tro l th e  power to  th e h ea tin g  elem ents in  th e  chamber. 
Due to  therm al la g  o f  the system , a maximum tim e o f  about 2 hours 
was needed b efore  a stea d y  tem perature o f  about 120°C was reached . 
C a lib ra tio n  o f  the tem perature c o n tr o lle r  was performed by m easuring  
in dependently  th e tem perature o f  a specimen mounted in  th e  g r ip s ,  
u sin g  a chrom el-alum el thermocouple a ttach ed  to  the specimen  
s u r fa c e , fo r  various va lu es o f  th e  v a r ia b le  r e s is ta n c e .  The 
c a lib r a t io n  chart i s  shown in  Figure 2 . 7 ,  and a check on th e  temp­
era tu re  s t a b i l i t y  o f  th e  specimen showed th a t  a t  120°C i t  was w ith in  
0 .5°C .
2 *5 Photography and Microscopy
When specim ens were deformed in  th e E-type Tensom eter, 
photographs were taken w ith  a 35 mm camera (Exakta) f i t t e d  w ith  an 
f 2 . 8 , 100 mm fo c a l  len g th  le n s  (T r io p la n ) , u sin g  I lfo r d  Pan F f i lm .
An even t marker on th e chart recorder was used to  in d ic a te  when each  
photograph was tak en . To check the accuracy o f  th e  system , 
photographs were taken o f  a p r in ted  g r id  (L etratone by L e ttr a s e t )  
o f  known sp acin g  (0 .298  mm), s e t  up in  the Tensom eter, I t  was found 
th a t l in e a r  measurements taken from th e  p r in ts  had a maximum erro r  
o f  0.6%, and angular measurements a maximum erro r  o f  0 . 5 ° .  These 
errors in c lu d e errors a r is in g  from le n s  d is t o r t io n ,  f ilm  and p r in t  
sh rin k age , and p r in t measurements, ob ta ined  by th e  use o f  a f in e  
s c a le  ru le  and p ro tra c to r .
Specimens under t e s t  in  the sm a ll t e n s i l e  machine were examined 
u sin g  e i th e r  a Z e iss  photom icroscope o r  Wild stereo m icro sco p e . In
both c a s e s ,  p o la r iz e d  l i g h t  was used to  enab le th e c d ir e c t io n ,  as 
determ ined by the e x t in c t io n  d ir e c t io n , to  be o b ta in ed , and photo­
micrographs o f  specim ens during deform ation were a ls o  ta k en . 
B ire fr in g en ce  measurements were made on th e  Z e iss  m icroscope u sin g  
an Ehringhaus r o ta t in g  c a l c i t e  com pensator. The maximum error  in
angular measurements ob ta ined  from the r o ta t in g  sta g e  o f  th e Z e iss  
om icroscope was 0 . 2  , and th e maximum b ir e fr in g e n c e  erro r  estim ated  
to  be about 2.5%. The la r g e  err o r  in  b ir e fr in g e n c e  arose m ainly  
from f lu c tu a t io n s  in  specimen th ic k n e ss  (4  ym) th a t could  n o t be 
a c cu ra te ly  measured*
Thickness measurements were made by u s in g  a d ia l  gauge, th e  
accuracy o f  which was w ith in  0 .5  ym.
Some fra c tu re  su r fa ces  o f  specim ens were observed through a 
scanning e le c tr o n  m icroscope ( ’S tereoscan  * mark IIA ) ,  and t h i s  cou ld  
g iv e  su rface  m a g n ifica tio n s  from 20X to  5000X w ith  a p o s s ib le  
r e so lu t io n  o f  25oS. A conducting la y e r  o f  go ld -p a llad ium  was 
d ep o sited  onto th e su r fa ces  s tu d ie d , u sin g  a vacuum c o a tin g  u n i t .
2 .6  X-ray D iffr a c t io n
Various X-ray cameras were used in  th e  s tr u c tu r a l s tu d ie s  o f  
o r ien ted  p o ly e th y le n e , one o f  which was a Unicam S-25,  th a t  was used  
to  ob ta in  wide angle X-ray d if f r a c t io n  p a ttern s on e i th e r  f l a t  or  
c y l in d r ic a l  f i lm . The camera employed a p in -h o le  c o llim a to r  o f  
diam eter 0 .5  mm, and n ic k e l - f i l t e r e d  Cu Ka r a d ia tio n  was always 
u sed . Exposure tim es varied  between 2 and 6  h ou rs.
A f l a t  f ilm  c a s s e t te  was used to  v e r i fy  th e fa c t  th a t th e  
e x t in c t io n  d ir e c t io n  ob tained  u sin g  th e p o la r iz e d  m icroscope,
co in c id ed  w ith  the [0 0 1 ] d ir e c t io n , as in fe r r e d  from th e  wide angle  
d if f r a c t io n  pattern* For (002)  r e f le c t io n  s t u d ie s ,  the normal f l a t  
f ilm  c a s s e t te  was inadequate in  d e te c t in g  t h is  ra th er  weak r e f l e c t io n ,  
thus a technique was adopted in v o lv in g  th e c y l in d r ic a l  f ilm  c a s s e t t e .  
Procedures used fo r  both f l a t  and c y l in d r ic a l  f ilm  are d iscu sse d  in  
d e t a i l  in  s e c t io n  6 . 2 .
Most o f  th e  s tr u c tu r a l s tu d ie s  in vo lved  th e use o f  a R igaku- 
D enki, p in -h o le  c o llim a tio n  goniom eter. The advantage o f  t h i s  
camera was th a t wide and low an gle d if f r a c t io n  p a ttern s were ob tained  
s im u lta n eo u sly . The camera c o n s is te d  o f  two c o llim a to r s  o f  
diam eters 0 .5  mm and 0*3 mm, th a t were sep arated  by a d is ta n c e  o f  
26 cm. This r e s u lte d  in  a beam diam eter o f  about 0 .4  cm a t  th e  
specim en, which was p o s it io n e d  4 cm away from th e second c o l l im a to r .  
Specimen to  film  d is ta n ce  was u s u a lly  3 cm fo r  record in g  th e  wide 
angle d if f r a c t io n  p a tte r n , and 33 cm fo r  th e low angle d if f r a c t io n  
p a tte r n . A system  o f  p in  h o le s  a long th e edge o f  both f ilm  c a s s e t t e s  
was used to  produce a f id u c ia l  mark on each f i lm , which enabled  wide 
and low angle d if f r a c t io n  p a ttern s to  be a lig n e d  to  an accuracy o f  
0 . 5 ° .  Cold drawn p o ly eth y len e  d id  n o t produce stron g  low an g le  
r e f l e c t io n s ,  u n le ss  i t  had been annealed , thus long exposure tim es o f  
about 24 hours fo r  u n f i lte r e d  ra d ia tio n  were req u ired , and even lo n g er  
tim es fo r  f i l t e r e d  r a d ia t io n . High speed X-ray f ilm  was used  
(Kodak -  Industrex  D ), and a l l  measurements were taken d ir e c t ly  from 
the f i lm .
The specimen holder was designed  and b u i l t  so  th a t X-ray p a ttern s  
cou ld  be ob ta ined  w h ils t  th e  specimen was in  te n s io n . A fte r  th e  
specimen had been deformed u sin g  th e sm all t e n s i l e  m achine, th e  
specimen len g th  was h e ld  con stan t as d escr ib ed  in  s e c t io n  2 . 4 ,  w h i ls t
the e l e c t r i c  motor and d r iv e  gears were removed fo r  convenience from 
the t e n s i l e  m achine. The sm all t e n s i l e  machine w ith specim en in  
p o s it io n  was then f ix e d  in to  a j i g  ( s e e  Figure 2 .8 )  t o  enab le i t  to  
be a ttach ed  to  the X-ray camera. Two a d ju stin g  screw s marked X and 
Y in  Figure 2 .8  enabled th e specimen to  be moved in  the h o r iz o n ta l  
or v e r t i c a l  d ir e c t io n s , thereby p o s it io n in g  th e specimen in  fro n t  
o f  the X -ray beam. X -rays were a ls o  o c c a s io n a lly  passed  through  
th e  specimen ed g e , and t h is  was p o s s ib le  by r o ta t in g  th e c y l in d r ic a l  
g r ip s  through an angle o f  9 0 ° .
The f in a l  p ie c e  o f  X-ray equipment used was a Schulz Texture 
Goniometer made by P h i l ip s ,  and th e use o f  t h is  instrum ent i s  w e ll  
d escr ib ed  by C u ll i ty  (1956) .  This machine was m ainly used fo r  
checking f ib r e  symmetry, although i t  was a ls o  used to  v e r i fy  th e  
assum ption th a t the ( 0 0 2 ) r e f l e c t io n  maxima was a t r ig h t  a n g les  to  
the two (110) r e f le c t io n  maxima. A ll  r e f le c t io n s  were d e tec ted  
u sin g  a cou n ter , and the in t e n s i t y  o f  th e  r e f le c t io n s  were p lo t te d  
on a chart reco rd er , th e speed o f  which was r e la te d  to  th e  r o ta t io n  
o f  th e  specim en. N ic k e l - f i l t e r e d  Cu Ka ra d ia tio n  was used a t  a l l
t im e s . Use o f  t h i s  apparatus i s  duscussed fu r th er  in  s e c t io n  6 . 2 .
For some o f  th e  d if f r a c t io n  p a ttern s  obtained  on wide and low 
angle X-ray f i lm s ,  in t e n s i t y  measurements were req u ired . A Wooster 
m icrodensitom eter was employed in  order to  measure th e o p t ic a l  
d e n s ity  o f  photographic em u lsion s. A l i g h t  beam, 0 .5  mm in  d iam eter  
was passed  through th e f i lm , and i t s  in t e n s it y  r e g is te r e d  on a ch art  
reco rd er . I t  was p o s s ib le  fo r  the beam to  o s c i l l a t e  over a d is ta n c e  
o f  2  mm in  one d ir e c t io n  ( y ) ,  and th e f ilm  to  move a t r ig h t  a n g les  
to  t h is  d ir e c t io n  ( x ) . This techn ique was used when scann ing low  
angle d if f r a c t io n  p a ttern s in  th e  x d ir e c t io n ,  and th e  d is ta n c e
t r a v e l le d  by th e f ilm  was d ir e c t ly  r e la te d  t o  th e  ch art d r iv e .
The f ilm  c a r r ie r  cou ld  move in  both x and y d ir e c t io n s ,  and a ls o  
r o ta te  about th e beam d ir e c t io n . This f a c i l i t y  was used when 
m easuring th e  in t e n s i t y  d is tr ib u t io n  o f  th e  ( 1 1 0 ) r e f l e c t io n ,  by  
r o ta t in g  the ( 1 1 0 ) arc about the cen tre  o f  th e d if f r a c t io n  p a tte r n ,  
and scanning th e l i g h t  beam across th e r e f l e c t io n .
I n te n s ity  measurements were assumed to  be accu rate to  1% 
(m anufacturers s p e c i f i c a t io n s ) ,  and the angular measurements obta ined  
from th e r o ta t in g  c a r r ie r  were accurate to  0 . 2 ° .  Error in  f ilm  
d is ta n ce  ob ta ined  from th e  chart was o f  th e  order o f  ±0.05 mm.
2 .7  Ir r a d ia tio n
To prevent o x id a tio n  o f  co ld  drawn specim ens during ir r a d ia t io n ,  
specim ens were i n i t i a l l y  p laced  in to  g la s s  tubes th a t  were sub­
seq u en tly  evacuated  u sin g  a mercury d if fu s io n  pump w ith  an oxygen
-5trap  a tta ch ed . A fter  a p ressure o f  about 2 * 10 to r r  had been  
reached , th e  tubes were se a le d  and ir r a d ia te d  fo r  variou s tim es in  a 
C obalt 60 , y ray source ( ’’Super H otspot”) a t room tem perature. The 
r a d io a c tiv e  source produced Y rays a t a dose r a te  o f  0 .125  Mega 
rads hr” 1 as measured by a Perspex (Red 400) dosem eter.
To check whether carbonyl and peroxide bonds had formed due 
to  th e p o s s ib le  presence o f  oxygen, in fra-red  sp e c tr a  o f  specim ens 
were ob ta ined  u sin g  a Unicam S .P .  200 in fr a -r e d  sp ectrop h otom eter.
Figure 2 .1 :  Moulding p la te s  and r e s u l t i n g  i s o t ro p ic
po lye thy lene  s h e e t .
F igure  2 .2 :  Cold drawing of po lyethy lene  sh ee t  using an
E-type Tensometer.
Ry RxRyRz
8 7 7 0-57 0-20 0 - 9 9
8 - 2 0 0-59 0-19 0 - 9 2
8-36 0-54 0*22 0 - 9 9
9*05 0-52 0-21 0 - 9 9
Average Values
8* 52 0*56 0-21 0 * 9 8
Table 2 .1 : The th re e  draw r a t i o s  Rx » Ry and PU obta ined
from four cold drawn po lye thy lene  specimens.
Figure 2 .3 : A photomicrograph o f  the  c e n t r a l  reg ion  o f  a dumb­
b e l l  shaped t e s t  specimen, which was cut out. a t  an 
angle o f  27° with re sp e c t  to  the  draw d i r e c t io n  
(dot spacing  = 0 .2  mm).
Figure 2 .4 :  Small t e n s i l e  t e s t i n g  machine.
Figure 2 .5 : Temperature c o n t r o l l e r  and h ea tin g  chamber.
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Figure 2 .8 : Specimen h o lde r  fo r  X-ray camera.
CHAPTER 3
P o st-Y ie ld  Flow Behaviour o f  O riented P o lyeth y len e
3 .1  In trodu ction  to  Y ie ld  C r ite r ia
Host m a ter ia ls  behave e l a s t i c a l l y  a t  low s t r e s s e s .  However, when 
the s t r e s s e s  are in cr ea se d , th ese  m a ter ia ls  e i th e r  y ie ld  a t  some p o in t ,  
i f  they  are d u c t i le ,  or fr a c tu re  i f  th ey  are b r i t t l e .  The term y ie ld  
i s  used in  r e fe r e n c e  to  th e  o n se t o f  p la s t i c  deform ation , and variou s  
c r i t e r ia  in v o lv in g  g e n e r a lly  the p r in c ip a l s t r e s s e s  a t  y ie ld  have been 
form ulated to  ex p la in  t h i s  t r a n s it io n .
One such theory which i s  based on a maximum shear s t r e s s  concept
su ggested  by T resca , i s  d escrib ed  by Jaeger (1969) .  I f  a^ , and
a ,  are the p r in c ip a l s t r e s s e s  a t  a p o in t where c  > a > o , then  
3 1 2  3
i t  i s  shown th a t  the maximum shear s t r e s s  has a value o f  ,
and occurs in  a p lane whose normal b is e c t s  th e  angle between th e  
g r e a te s t  and l e a s t  p r in c ip a l s t r e s s e s .  T resca 's  y ie ld  c r i t e r io n  
s t a t e s  m athem atically  th a t when:
| cr1 — a 3 I = co n stan t ( 3 . 1 )
y ie ld  o ccu rs. This c r i t e r io n  s a t i s f i e s  th e fo llo w in g  th ree  assum ptions 
(a )  the m a ter ia l i s  i s o t r o p ic ,  (b) th ere  i s  an independence o f  th e  
h y d r o sta tic  component o f  s t r e s s ,  and ( c )  the y ie ld  behaviour i s  th e  
same in  ten s io n  and com pression .
Mohr ( s e e  Jaeger (1969))  proposed a th eory  fo r  f a i lu r e  in  a p lane  
whose normal and shear s t r e s s e s  were and ag r e s p e c t iv e ly .
F a ilu re  occurred when the s t r e s s e s  were r e la te d  by some fu n c tio n :
-  Zti -
as f (o n ) ( 3 .2 )
This r e la t io n s h ip  p lo t te d  on a a^n aas  ^ p lane i s  known as th e  Mohr 
c i r c le  diagram, and i s  a very u s e fu l way o f  rep re se n tin g  data  fo r  
two s t r e s s e s  on any one p la n e . I t  can be seen  from equation  ( 3 .2 )  
th a t i f  I s  a co n sta n t, then t h is  exp ressio n  i s  th e  Tresca
y ie ld  c r i t e r io n ,  where ag i s  th e  maximum shear s t r e s s .
In 1773 Coulomb put forward a theory to  ex p la in  th e y ie ld in g  o f  
s o i l s .  This y ie ld  c r i t e r io n  s t a t e s  th a t  fo r  y ie ld in g  to  occur in  
any p la n e , the c r i t i c a l  s t r e s s  req u ired , in c r e a se s  w ith  th e p ressure  
ap p lied  normal to  t h is  p la n e . Thus;
where a i s  th e  c r i t i c a l  s t r e s s  (a  s t r e s s  co n sta n t) and k a c
co n sta n t, freq u en tly  c a l le d  th e  c o e f f i c i e n t  o f  in te r n a l f r i c t i o n .
The (± ) s ig n  i s  used depending upon whether th e  medium i s  t e s te d  in  
ten s io n  ( - )  or com pression ( + ) .  An advantage o f  t h i s  sim p le  c r i t e r io n  
i s  th a t i t  not on ly  g iv e s  the s t r e s s  c o n d itio n s  fo r  y ie ld in g ,  but 
a ls o  th e d ir e c t io n  in  which th e m a ter ia l w i l l  y i e ld ,  which i s  not 
4 5 °, as in  the case  o f  T resca ’s c r i t e r io n .
Other c r i t e r ia  have a ls o  been su ggested  in  order to  ex p la in  
y ie ld in g ,  one o f  which i s  the von M ises c r i t e r io n  ( s e e  C o t t r e l l  (1 9 6 4 ) ) .  
Although the th eory  was i n i t i a l l y  d erived  m athem atica lly  ( s e e  Ward 
(1971 )) i t  has been in terp re ted  p h y s ic a lly  in  terms o f  (a )  a 
c r i t i c a l  e l a s t i c  s tr a in  energy th eo ry , and (b ) a c r i t i c a l  s t r e s s  
occurring in  an octah ed ra l plane ( s e e  Nadai (1 9 5 0 )) . M o d ifica tio n s  
to  the von M ises c r i t e r io n  have been s u c c e s s fu l ly  made when ap p ly in g  
such a c r i t e r io n  to  th e y ie ld in g  o f  polymers ( s e e  s e c t io n  3 .2 ) .
o a ± ka c n
( 3 .3 )s
3 .2 A p p lica tio n  o f  Y ie ld  C r ite r ia  to  Polymers
Evidence has shown th a t the h y d r o s ta tic  component o f  s t r e s s  
a f f e c t s  the y ie ld  behaviour o f  polym ers. Thus, c e r ta in  y ie ld  
c r i t e r i a  have to  be m odified  in  order to  d escr ib e  th e  observed  
p ressure dependence, and one, the von Mises c r i t e r io n ,  i s  exp ressed  
by th e sim ple equation:
° o c f  = °k  " k '°m ( 3 -1,)
1
where 0  c t  = -g- [ ( a 1 -a 2 ) 2 +(^ 2 "a 3 2^ + a^ 2 ‘'cyl ^ 2  J o c ta ^edrai
shear s t r e s s ,  and a = ~  (a ,+ a 0 +a0) th e  mean normal s t r e s s :  a,v  m 3 i 2 3  k
and k' are m a ter ia l param eters. This c r i t e r io n  has had wide 
a p p lic a tio n  to  the y ie ld in g  o f  is o tr o p ic  polym ers, and fu r th er  
d e t a i l s  are d escr ib ed  in  a review  by Ward (1 9 7 1 ).
The Coulomb c r it e r io n  mentioned in  s e c t io n  3 .1  a lread y  tak es  
in to  account th e e f f e c t  o f  a normal s t r e s s  on th e  s l i p  p lane by use  
o f  th e  term kan in  equation  ( 3 .3 ) .  This c r i t e r io n  has been s a t i s ­
f a c t o r i ly  ap p lied  to  th e y ie ld  behaviour o f  i s o t r o p ic  polym ers such  
as polymethyl m ethacrylate (PMMA), by Bowden and Jukes (1 9 6 8 ) . They 
su b jected  PMMA to  orthogonal com pressive and t e n s i l e  s t r e s s e s  
sim u lta n eo u sly , and found th a t a va lu e  o f  k o f  0 ,158  was o b ta in ed , 
in  order to  agree w ith  the e f f e c t  o f  the observed p ressure upon a 
shear p la n e , which was a t  an angle o f  about 53° w ith  r e s p e c t  t o  th e  
plane o f  th e  s h e e t .
The t e s t in g  o f  polymers has on ly  been considered  to  take p la ce  
under a standard load in g  path and a standard ra te  o f  lo a d in g , and 
th e  above-m entioned c r i t e r ia  have been s u c c e s s fu l under th e se  con­
d it io n s .  However, th e  m echanical p r o p er tie s  o f  polymers are very  
s e n s i t iv e  to  the v a r ia b le s  o f  tim e and tem perature. Work has been  
done on th e  v i s c o e la s t i c  nature o f  y i e ld ,  and th e  s ta r t in g  p o in t fo r  
much o f  t h i s  work has been th e Eyring v i s c o s i t y  eq u a tio n , which i s :
A ' fAU -  aye = A exp -  |— — L
- f
( 3 .5 )
where e i s  th e  s tr a in  r a te ,  a the a p p lied  s t r e s s ,  y th e  
a c t iv a t io n  volume, T the a b so lu te  tem perature, A a co n stan t and 
AU th e  a c t iv a t io n  energy fo r  the flow  p ro cess . This m olecular
theory fo r  y ie ld  in corp ora tes th e v a r ia b le s  o f  tim e and tem perature, 
and has been a p p lied  to  is o tr o p ic  polymers such as polycarbonate  
and p o ly eth y len e  te r e p h th a la te . Further d e t a i l s  are in  a review  on 
th e  y ie ld  behaviour o f  polymers by Ward (1 9 7 1 ).
In order to  ex p la in  the y ie ld  behaviour o f  o r ien te d  polym ers 
fu rth er  m o d ific a tio n s  have to  be made to  th e  y ie ld  c r i t e r i a ,  s in c e  
o r ien te d  polymers are h ig h ly  a n is o tr o p ic , and th e Bauschinger e f f e c t ,  
in  which t e n s i l e  and com pressive y ie ld  s t r e s s e s  are n ot e q u iv a le n t ,  
i s  e v id e n t. A lso,w hen an o r ien te d  polymer i s  deformed in  te n s io n  
a t  an angle (Xq ) w ith  r e sp e c t  to  th e  i n i t i a l '  draw d ir e c t io n ,  under 
c e r ta in  c o n d itio n s  y ie ld  i s  accompanied by the form ation o f  a narrow 
deform ation band. The angle th e deform ation band makes w ith  r e sp e c t  
to  th e  specimen edge i s  dependent upon Xq . Work c a r r ie d  ou t on 
the y ie ld in g  o f  o r ien ted  p o ly v in y l ch lo r id e  by Rider and Hargreaves 
(1969) showed th a t by u sin g  the von M ises c r i t e r io n ,  extended by 
H il l  (1950) fo r  a n iso tro p y , the band a n g le  could  be p r e d ic te d , and 
good agreement w ith  experim ental data was o b ta in ed , a f t e r  a 
Bauschinger term had been in clu d ed .
K e lle r  and R ider (1966) made d e ta ile d  s tu d ie s  o f  band form ation  
during the t e n s i l e  deform ation o f  o r ien te d  h igh  d en s ity  p o ly e th y le n e ,  
and found th a t th e deform ation bands formed, depended upon pre­
treatm ent (an n ea lin g  and r o l l in g )  o f  the drawn polym er. - For co ld  
drawn p o ly eth y len e  specim ens th a t were redrawn a t  room tem perature 
i t  was, however, found th a t no deform ation bands formed. The 
Coulomb c r it e r io n  was s u c c e s s fu l ly  f i t t e d  to  th e upper y ie ld  p o in ts  
o f  specim ens th a t had variou s p retrea tm en ts. The Coulomb c r i t e r io n  
h a s, however, been m odified  by various peop le in  order to  ex p la in  
band form ation ( s e e  Hargreaves (1 9 7 0 )) .
As a consequence o f  the work o f  K e ller  and R ider (1 9 6 6 ) ,  
s tu d ie s  were ca rr ied  out by Hinton and R ider (1968) on th e  t e n s i l e  
deform ation o f  o r ien ted  p o ly eth y len e  specim ens th a t d id  n o t form 
deform ation bands. As w e ll  as in v e s t ig a t in g  th e use o f  a Coulomb 
c r i t e r io n ,  a d e ta ile d  s tr a in  a n a ly s is  was a ls o  made. Further  
d e t a i l s  o f  the s tr a in  a n a ly s is  w i l l  be mentioned in  Chapter 4 . 
However, i t  i s  s u f f i c i e n t  to  say th a t th e  deform ation to  a f i r s t  
order was sim ple shear p a r a l le l  to  th e c d ir e c t io n . The Coulomb 
c r it e r io n  was again  f i t t e d  to  th e  y ie ld  p o in ts  o f  specim ens w ith  
d if fe r e n t  i n i t i a l  o r ie n ta t io n  a n g les (Xq ) , and the param eters ac 
and k ob tained  were su bsequently  used to  p r e d ic t  s a t i s f a c t o r i l y  
the p o st  y ie ld  deform ation .
The s im p le s t  y ie ld  c r i t e r io n  fo r  a n iso tr o p ic  m a ter ia ls  i s  the  
c r i t i c a l  reso lv ed  shear s t r e s s  law , su ggested  by Schmid ( s e e  Schmid 
and Boas (1 9 5 0 ) ) .  This law s t a t e s  th a t  when a re so lv e d  sh ear s t r e s s  
in  a p a r t ic u la r  p lane reaches a c r i t i c a l  v a lu e , y ie ld  w i l l  o ccu r .
The c r i t e r io n  which i s  very s im ila r  to  th e Coulomb c r i t e r io n ,  excep t
th ere i s  no normal s t r e s s  term , has been a p p lied  s u c c e s s fu l ly  to  
ex p la in  the y ie ld in g  o f  drawn and annealed high d e n s ity  p o ly eth y len e  
in  com pression, by Bowden and Young (1 9 7 1 ).
3 .3  A Flow C r iter io n
I t  appears from th e f in d in g s  o f  Hinton and R ider (1968) th a t the  
Coulomb c r it e r io n  was not on ly  adequate in  s a t i s f y in g  th e  y ie ld  con­
d i t io n s ,  but a ls o  in  d escr ib in g  the uniform deform ation beyond y ie ld ,  
up to  la rg e  p la s t i c  s t r a in s .  I t  i s  th ere fo re  appropriate to  r e f e r  
to  the Coulomb c r i t e r io n  as a flow  c r i t e r io n .j
The r e s t  o f  t h is  chapter d escr ib es  in  d e t a i l  an in v e s t ig a t io n  
in to  the v a l id i t y  o f  the flow  c r it e r io n  over a range o f  experim ental 
co n d itio n s  fa r  w ider than reported  by Hinton and R ider (1 9 6 8 ).
3 . 3 . 1  Experim ental Procedure
Dumb-bell shaped t e n s i l e  specim ens, d escr ib ed  in  s e c t io n  2 . 2 ,  
were cu t out o f  th e  co ld  drawn p o ly eth y len e  sh e e t a t  var iou s an g les  
(Xq ) to  th e c d ir e c t io n . These an g les v a r ied  from 30° to  8 0 ° .
In order to  minimize s c a t t e r  in  the r e s u l t s ,  most specim ens were cu t  
from th e same sh e e t o f  m a ter ia l because th e  v a r ia tio n  in  r e s u l t s  
between nom inally  id e n t ic a l  specim ens was found to  be l e s s  fo r  
specim ens taken from th e same sh ee t o f  m a ter ia l than fo r  specim ens 
taken from d if f e r e n t  s h e e t s ,  even though care was taken  to  ensure  
th a t moulding co n d itio n s  were th e same fo r  a l l  s h e e t s ,  and th a t  the p o ly ­
e th y len e  p e l l e t s  were from the same m anufacturers b a tch . A few  
t e s t s  were th ere fo re  ca rr ied  out on specim ens from d if f e r e n t  sh e e ts  
in  order to  determ ine the magnitude o f  sh e e t  v a r ia t io n .
T est specim ens were deformed in  te n s io n  a t  a crosshead  speed o f  
0 . 67 mm min 1 in  the E-type Tensom eter, a t  tem peratures from 0°C to  
120°C, and specimen deform ation beyond y ie ld  recorded p h o to g ra p h ica lly  
( s e e  s e c t io n  2 . 5 ) .
3 . 3 . 2  Measurements
Measurements were i n i t i a l l y  taken from th e photographic
n e g a t iv e s ,  although i t  was la t e r  found th a t the error in  tak in g
measurements from th e  n e g a tiv e s  in  p referen ce  to  th e  p r in ts  was
n e g l ig ib le .  The two measurements taken (A and £) are shown
sch em a tica lly  in  F igure 3 . 1 .  The grid  d ir e c t io n  was used to  in d ic a te
the c d ir e c t io n  during specimen deform ation , although a f t e r  t e n s i l e
s tr a in s  o f  about 300%, the c d ir e c t io n  and g r id  d ir e c t io n  d if fe r e d
by about 3 ° .  The i n i t i a l  v a lu es  o f  A and & . A and %o o
r e s p e c t iv e ly ,  were a ls o  measured.
When each photograph o f  th e  specimen was tak en , an even t mark 
was made on the lo a d -ex ten s io n  cu rv e . This enabled  th e  nom inal and 
tru e  t e n s i l e  s t r e s s e s  to  be c a lc u la te d  a t  th a t p o in t o f  d eform ation . 
Nominal t e n s i l e  s t r e s s  (a )  , and tru e  t e n s i l e  s t r e s s  (a^,) are  
d efin ed  as fo llow s*
■ _  load   ( 3  6)
i n i t i a l  c r o s s - s e c t io n a l  area ’
and
_ _  i P a d ____________ -  „  7 'I
T ” c r o s s - s e c t io n a l  area ” °  I o
where the i n i t i a l  c r o s s - s e c t io n a l  area  o f  th e  specimen was c a lc u la te d  
from measurements obtained  by u sin g  a t r a v e l l in g  m icroscope and d ia l
gauge. The tru e  t e n s i l e  s t r e s s  was c a lc u la te d  from equation  ( 3 . 7 )  
assuming a con stan t volume deform ation .
The ex p ressio n  fo r  th e  Coulomb c r i t e r io n  when a p p lied  to  a 
specimen in  te n s io n  i s :
a = a -  ka ( 3 . 8 )s e n
The v a lu es  o f  ag and o were obtained  by r e s o lv in g  th e  tru e  
t e n s i l e  s t r e s s  in to  a shear s t r e s s  and a normal s t r e s s , thus :
a = a„ cosA sinAs T
and
a = o „  s in 2An T
3 .4  R esu lts
When the reso lv e d  normal and shear s t r e s s e s  were p lo t te d  in  a 
way s im ila r  to  th a t  o f  th e  Mohr c i r c le  diagram , a l in e a r  r e la t io n ­
sh ip  between oq and was obtained  fo r  each t e s t  tem perature.
The r e s u l t s  are shown in  Figure 3 .2  fo r  specim ens w ith  th e same Aq , 
t e s te d  over th e  tem perature range o f  22°C to  119°C. I t  can be seen
from the data th a t the r e la t io n s h ip  between <7g and cr^  i s  o f  th e
form expressed  in  equation  ( 3 .8 ) ,  and th a t the two param eters, a 
( th e  in te r c e p t)  and k (th e  s lo p e )  are tem perature dependent.
For a g iven  t e s t  tem perature i t  was found th a t a was approxi­
m ately independent o f  XQ , w h ile  k was dependent upon Ao . The
data fo r  specim ens te s te d  a t 70°C i s  shown in  Figure 3 .3 ,  and th e
v a lu es  o f  a and k ob ta in ed , are shown in  Table 3 .1 .  c
(3 .9 )
(3 .1 0 )
I t  was f i r s t  thought th a t  th ere  was a range o f  v a lu es  o f
between approxim ately 70° and 4 5 ° , forming a c e n tr a l r e g io n , in  which
th ere  was l i t t l e  v a r ia tio n  in  a and k (s e e  Simpson and Hinton
c
(1 9 7 1 ) ) .  In t h is  work a m aster curve o f  t e n s i l e  s t r e s s  (a,j,) 
a g a in s t  o r ie n ta t io n  angle (A) was used to  superimpose th e  data from 
specim ens w ith in  t h i s  r e g io n . The m aster curve used was obtained  
from eq u ation s ( 3 .8 ) ,  ( 3 .9 )  and (3 .1 0 )  and was o f  th e  form:
a
a = --------------------   (3 .1 1 )
(cosX sinX + k sin^X)
The data from the th ree  specim ens ( s e e  data marked * in  Table 3 .1 )  
w ith in  the c e n tr a l reg io n  in  F igure 3 .3  was p lo tte d  in  F igure 3 .4 ,  
and a m aster curve drawn through the d a ta , by a le a s t  squares f i t t i n g  
method. S im ila r ly , data from specim ens w ith in  the c e n tr a l reg ion  a t  
tem peratures o f  22°C and 105°C was a ls o  p lo t te d ,  and t h i s  i s  shown 
to g e th er  w ith  th e 70°C data in  F igure 3 .5 .  The param eters crc and 
k req u ired  fo r  the f i t t i n g  o f  th e  th ree  m aster curves are shown in  
Table 3 .2 .
Upon in sp e c tio n  o f  fu r th e r  d a ta , i t  was found th a t  ra th er  than
th ere being  a p la tea u  in  the k va lu es  w ith in  the c e n tr a l r e g io n ,
th ere was in  fa c t  an approxim ately l in e a r  r e la t io n s h ip  between k
and A o f  the form: o
k = m(90° -  A ) (3 .1 2 )o
where m i s  tem perature dependent. The v a r ia tio n  o f  k w ith  Aq
fo r  a s e r ie s  o f  t e s t s  ca rr ied  out a t  tem peratures o f  22°C, 50°C and
90°C are i l lu s t r a t e d  in  F igure 3 .6 .
The e f f e c t  o f  tem perature on ac and k has a lread y  been
i l lu s t r a t e d  in  F igures 3 .2  and 3 .6 .  However, i t  i s  shown in  d e t a i l
in  Figure 3 .7  where specim ens w ith  the same Aq are compared. An
in cr ea se  in  tem perature th e r e fo r e  r e s u l t s  in  an in crea se  in  k ,
but a d ecrease in  a .c
A ll  r e s u l t s  shown, apart from th ose  in  Figure 3 .6 ,  are o f  
specim ens obtained  from th e  same co ld  drawn p o ly eth y len e  sh e e t  
( r e f  CD.1 4 4 ). The r e s u l t s  o f  t e s t s  performed on specim ens from a
fu rth er  two co ld  drawn sh e e ts  ( r e f  CD.141 and CD.148) are p resen ted  
in  Table 3 .3 .  The v a lu es o f  ac and k are from specim ens w ith  
approxim ately th e  same value o f  Aq , and th e various t e s t  temper­
a tu res are l i s t e d .  I t  appears th a t c c i s  l e s s  s e n s i t iv e  than k 
to  sh ee t v a r ia t io n .
P la s t ic  deform ation a f t e r  y ie ld  has been analysed  above in  terms
o f  th e  r e la t io n s h ip  between th e  re so lv e d  shear s t r e s s  and normal
s t r e s s  components, and i t  appears th a t p la y s an im portant part
in  in f lu e n c in g  th e flow  s t r e s s  behaviour. I f ,  however, p o st y ie ld
deform ation i s  con sid ered  in  terms o f  r e so lv e d  shear s t r e s s  and sh ear
s tr a in  (s e e  Chapters 4 and 5) b ehaviour, th ere  i s  l i t t l e  ev id en ce  to
in d ic a te  th a t an has any a f f e c t  upon the flow  s t r e s s  fo r  d if f e r e n t
specim ens (6 5 ° > A > 3 0 ° ) . In Figure 3 .8 ,a p lo t  o f  a g a in s t  y
(shear s tr a in )  fo r  two specim ens deformed a t  22°C w ith  k v a lu es  o f
0 .2 2  (A = 62°) and 0 .55  (A = 4 2 .5 ° )  shows l i t t l e  d if fe r e n c e  in  o o
deform ation behaviour. Data p resen ted  in  th e  two forms i s  th e r e fo r e  
p a ra d o x ica l, and in  s e c t io n  5 .3 .5  a n a ly s is  o f  th e  s itu a t io n  i s  
d iscu ssed  fu r th e r .
3 .5  D iscu ssio n
3*5 .1  .A p p lic a t io n 'o f  the Flow C r iter io n
For a l l  specim ens t e s te d  between 0°C and 120°C w ith  d if f e r e n t  
va lu es o f  Aq , th e  flow  s t r e s s  c r i t e r io n  i s  w e ll  obeyed. However, 
when co n sid er in g  the ex a ctn ess  o f  f i t  o f  equation  ( 3 .8 )  to  the d a ta , 
and a ls o  comparing the v a lu es  o f  the param eters ac and k w ith  th o se  
rep orted  in  o th er work, both the e f f e c t  o f  shear s t r a in  r a te  (y )  
upon the flow  s t r e s s ,  and the use o f  tru e  s t r e s s  ra th er  than nom inal 
s t r e s s ,  have to  be taken in to  accou n t. In e a r l ie r  work on y ie ld in g ,  
nominal s t r e s s  was g e n e r a lly  u sed , and in  th e s tu d ie s  o f  y ie ld in g  o f  
PMMA by Bowden and Jukes (1 9 6 8 ) , nominal s t r e s s  was d escr ib ed  as  
having a r e a l  in te r p r e ta t io n , s in c e  i t  was p ro p o rtio n a l t o  t h e ’s t r e s s  
per m o lecu le’ . The va lu e fo r  k when tru e  s t r e s s  was considered  
was 0 .1 5 8 , whereas i t  was 0 .256  fo r  nominal s t r e s s ,  a lthough th ere  
was l i t t l e  change in  the va lu e o f  a . I t  was a ls o  la t e r  in d ic a te d  
by Bowden and Jukes (1 9 7 0 ) , fo r  polymers such as h igh  d e n s ity  
p o ly eth y len e  (u n o r ie n te d ) , th a t th e  use o f  nominal s t r e s s  compared 
w ith  tru e  s t r e s s  in crea sed  th e  va lu e o f  k . S ince th e s e r ie s  o f  
t e s t s  d escrib ed  in  t h is  chapter in vo lved  la r g e  p la s t i c  s t r a in s  w ith  
con sid erab le  changes in  the c r o s s - s e c t io n a l  area o f  specim ens, tru e  
s t r e s s  va lu es  were used .
Another a sp ect to  be considered  when comparing a b so lu te  v a lu es  o f  
ac and k w ith  th o se  obtained  by o th er w orkers, i s  th a t k i s  n ot  
on ly  s e n s i t iv e  to  changes in  the typ es o f  h igh  d e n s ity  p o ly e th y le n e  
u sed , but a ls o  to  changes between one sh ee t o f  m a ter ia l and an oth er . 
Values o f  and k parameters obtained  from th ree  co ld  drawn
sh e e ts  showing such v a r ia tio n  are l i s t e d  in  Table 3 .3 .  In some ca ses
k has d if f e r e d  by a fa c to r  o f 2 , although th ere  has been l i t t l e  
change in  ac • This f lu c tu a t io n  in  k does not mean th a t  the  
tren d  expressed  by equation  (3 .1 2 )  fo r  th e v a r ia tio n  o f  k w ith  
tem perature i s  in c o r r e c t ,  but th a t  m does not have a unique va lue  
fo r  a g iven  tem perature.
The p resen ta tio n  o f  data in  th e  form o f  a m aster curve i s  very  
co n v en ien t, p a r t ic u la r ly  a s  th e  data i s  th a t which i s  d ir e c t ly  
measured and not p rocessed  in  any way. Thus, any d e v ia tio n  between 
experim ental data p o ih ts  and the m aster curve can be seen  in  r e la t io n ­
sh ip  to  the experim ental err o r . However, t h is  method o f  handling  
th e  data i s  n o t very s e n s i t iv e  to  sm all changes in  th e param eters 
a c and k . C onsequently, a v a r ia tio n  in  k o f  1 .6 3  to  1 .3 0
which was obtained  fo r  a v a r ia tio n  in  X o f  6^ °  to  71° ( s e e  Tableo
3 .1 ) ,  d id  n ot make a s ig n i f ic a n t  d if fe r e n c e  to  th e  m aster cu rve.
I t  i s ,  however, in te r e s t in g  to  compare the value o f  k ob ta in ed
by o th er  workers w ith  the range o f  v a lu es  obta ined  in  t h is  p r o je c t ,
in  which a value o f  k = 0 .3  was obtained  as a mean va lu e a t  room
tem perature. K e ller  and R ider (1966) f i t t e d  th e room tem perature
upper y ie ld  p o in ts  o f  specim ens w ith  various Xq va lu es  to  th e
Coulomb theory and found th a t k = 0 .45  . The p o ly e th y len e  used was
Marlex 50 , the crosshead  speed was 1 .6  cm min * , and on ly  nominal
s t r e s s  was co n sid ered . In th e work by Hinton and R ider (1 9 6 8 ) , on
R ig id ex  type 2 , a t  a low er crosshead speed o f  0 .5  mm min a va lue
o f  k = 0 . 2  was obtained  when f i t t i n g  nominal t e n s i l e  y ie ld  s t r e s s
data to  th e Coulomb c r i t e r io n .  The va lu e o f  th e  parameter k in
Hinton and R id er’s (1968) y ie ld  a n a ly s is  w as, in  f a c t ,  adequate in
d escr ib in g  th e flow  s t r e s s  behaviour a f t e r  y ie ld  fo r  a specim en w ith
a X value o f  6 6 ° .  I t  i s ,  however, shown in  s e c t io n  5 .3 .1  th a t  o * ’
th ere  i s  a d if fe r e n c e  in  k v a lu es when th e c r i t e r io n  i s  f i t t e d  to  
(a ) th e  y ie ld  p o in t s ,  and (b ) the p o st y ie ld  s t r e s s  d a ta , contrary  
to  th a t  found by Hinton and R ider (1 9 6 8 ). The two ty p es  o f  k 
v a lu es are th e r e fo r e  not s t r i c t l y  comparable.
The v a r ia tio n  o f  k w ith  XQ i s  c le a r ly  i l lu s t r a t e d  in
Figure 3 .6 ,  where a t 22°C, k v a r ie s  between 0 .2  (XQ = 80°) and
1 .0  (XQ = 3 0 ° ) . In co n sid er in g  the v a r ia tio n  o f  the param eters
a and k i t  i s  im portant to  note th a t  ,, a and a are not c e s  n
independent ( s e e  equations ( 3 .9 )  and ( 3 .1 0 ) ) .  ThUs, th e r e la t iv e  
nagnitudes o f  crg and an cannot be independently  c o n tr o lle d .
The r a t io  o f  th e  s t r e s s e s  i s  g iven  by:
a
—  = tanX (3 .1 3 )a os
The fa c t  th a t t h is  r a t io  i s  a ra p id ly  changing fu n c tio n , p a r t ic u la r ly  
a t h igh  an g les > 80° )  may account fo r  the fa c t  th a t ex p er im en ta lly
k approaches zero  fo r  XQ = 90° , fo r  a l l  tem peratures. Another
p o s s ib le  reason fo r  t h i s  dependence upon XQ i s  th a t deform ation  
p r io r  to  y ie ld  i s  dependent upon XQ , and th e  p r e -y ie ld  deform ation  
may in flu e n c e  the parameters in  th e flow  c r i t e r io n .  D e ta ile d  s tu d ie s  
in to  the p r e -y ie ld  deform ation o f  specim ens are d escr ib ed  in  s e c t io n  
5 .3 .2 ,  where i t  c e r ta in ly  appears th a t  XQ e v e n tu a lly  d ic t a t e s  th e  
parameters o and k .
The c r i t i c a l  s t r e s s  con stan t a (eq u ation  ( 3 . 8 ) ) ,  i s  eq u al t o  
the shear s t r e s s  ag , in  the c d ir e c t io n ,  when the normal s t r e s s  
component an i s  zero  (X = 0 °) . This means th a t ir r e s p e c t iv e  o f  
X , aQ would be expected  to  be co n sta n t, s in c e  a i s  th e  l im it in g  
reso lv e d  shear s t r e s s  fo r  a l l  specim ens a f te r  com plete r o ta t io n  o f  th e
c a x is  (A = 0°) . E xp erim en ta lly , the value o f  o c was found to
be approxim ately independent o f  Aq fo r  a g iven  tem perature, as
shown in  F igure 3 .3 ,  which would in d ic a te  th a t aQ i s  an in t r in s ic
parameter o f  the m a ter ia l as su ggested  above. The room tem perature
- 2r e s u lt s  show th a t a has a value o f  about 8  N mm , which i s  c lo sec  ’
_2
to  th a t  o f  8 .7  N mm obtained  by K e lle r  and R ider (1 9 6 6 ).
F in a l ly ,  i t  i s  im portant to  p o in t out two fa c to r s  th a t  were not 
con sid ered  when f i t t i n g  data to  the flow  c r i t e r io n .  F i r s t ,  during  
the deform ation o f  a specim en, th ere  i s  a gradual d ev ia tio n  between  
th e c d ir e c t io n  and the g r id  d ir e c t io n ,  such th a t X > Ac (c  d ir e c ­
t io n ) .  A fter  t e n s i l e  s tr a in s  o f  about 300%, the d if fe r e n c e  between  
the g r id  d ir e c t io n  and c d ir e c t io n  (X -  Xc ) , i s  about 3 ° . Thus, 
th e  re so lv e d  normal and shear s t r e s s e s  to  the c d ir e c t io n  would be 
s l i g h t l y  l e s s  than th o se  recorded . Secondly , th e  t o t a l  s t r a in  o f  a 
specimen c o n s is t s  o f  p la s t i c  and e l a s t i c  s t r a in ,  and s in c e  o n ly  
p la s t i c  s tr a in  i s  a p p lica b le  to  a flow  c r i t e r io n ,  the e l a s t i c  s tr a in  
should  be removed. This would r e s u l t  in  an in crea se  in  Ac by 
about 1 or 2° (s e e  s e c t io n  5 .3 .4 ) ,  hence ten d in g  to  ca n ce l out th e  
e f f e c t  mentioned above. I t  w as, in  f a c t ,  found th a t a f t e r  co n sid ­
e r in g  both e f f e c t s  fo r  th e  l a s t  experim ental p o in t o f  deform ation  
shown in  Figure 3 .2  fo r  th e 22°C d a ta , the normal and sh ear s t r e s s e s  
were decreased  by about 13% and 7% r e s p e c t iv e ly  ( s e e  data p o in t marked
0 ) .  T herefore, a sm all curvature to  th e  data on a (a  ,c  ) p lo tn s
would be ex p ected , when co n sid er in g  r e so lv e d  s t r e s s e s  p erp en d icu lar  
and p a r a l le l  to  th e  c d ir e c t io n .
3 .5 .2  Temperature Dependence
When co n sid er in g  th e e f f e c t s  o f  tem perature upon th e  flox* s t r e s s  
param eters, th ere  are two typ es o f  r e s is ta n c e  to  motion th a t should  
n ot be con fu sed . One i s  a v isco u s  r e s is ta n c e  t o  flow  and th e  o th e r ,  
the a lread y  fa m ilia r  Coulomb f r ic t io n  (s e e  A lfrey  (1 9 6 5 )) . The two 
e f f e c t s  d i f f e r  in  th a t (a )  th e  v isco u s  r e s is ta n c e  i s  r a te  dependent 
w h ils t  th e  f r i c t io n a l  r e s is ta n c e  i s  n o t ,  and (b ) th e v isco u s  r e s i s ­
tan ce which i s  based upon m olecular m otion , i s  extrem ely tem perature 
dependent, whereas the Coulomb f r ic t io n  bein g  id e a l ly  a p u rely  
m echanical e f f e c t  i s  p r a c t ic a l ly  independent o f  tem perature. The 
e f f e c t  o f  tem perature upon the param eters and k i s  th e r e fo r e
o f  p a r t ic u la r  in t e r e s t .
The parameter c d e c r e a s e s  w ith  tem perature as i l lu s t r a t e d  in  
Figure 3 .7  in  such a way as to  su g g est th a t th e s t r e s s  con sta n t i s  o f  
a v isco u s  n a tu re . Work was done by Simpson and Hinton (1971) on th e  
tem perature dependence o f  the s t r e s s  co n sta n t, where an a c t iv a te d  
energy p rocess fo r  m olecular motion was co n sid ered . The attem pt 
however was o v e r -s im p lif ie d  s in c e  s t r a in  r a te  was not accounted f o r .
The d i f f i c u l t y  in  d ea lin g  w ith a parameter such as i s  th a t  i t  i s
ra th er  an in d ir e c t  q u a n tity , in  so  fa r  as a c i s  not a c tu a lly  
measured, but on ly  a consequence o f  th e  th e o r y . I f  ac i s  t o  be 
in v e s t ig a te d  in  any d e t a i l ,  then sim ple shear experim ents o f  the  
form performed by Robertson and Joynson (1968) would have to  be adopted.
I t  can be seen  from Figure 3 .7  th a t k i s  a ls o  tem perature  
dependent. The concept o f  tem perature a f f e c t in g  k i s  con trary  to  
the above-m entioned id eas on c l a s s i c a l  Coulomb f r i c t io n ,  in  which in  
th e case o f  a p o ly c r y s ta l l in e  fib ro u s  m a ter ia l ( s e e  Chapter 6 ) such
as o r ien ted  p o ly e th y le n e , the f r i c t io n a l  fo r c e  might be en visaged  to  
a r is e  from s l i p  between ad jacent c r y s t a l l i t e s .  The sim ple assumption 
made i s  th a t th ere i s  no o th er in te r a c t io n  between such s l i p  p lan es  
( c r y s t a l l i t e s ) .  However, i t  i s  shown in  Chapter 6  th a t  tem perature
s e n s i t iv e  c o n s tr a in ts  e x i s t  between the s l i p  p la n e s . C onsequently, 
t h i s  e f f e c t  i s  r e f le c t e d  in  the v a r ia tio n  o f  k w ith  tem perature.
R esu lts  show th a t as th e  t e s t  tem perature approaches the m eltin g  
p o in t o f  p o ly e th y le n e , k in c r e a se s ,  in d ic a t in g  th a t normal s t r e s s  i s  
becoming th e predominant s t r e s s .  However, in  Chapter the geometry 
o f  deform ation o f  specim ens t e s t e d  a t  120°C can s t i l l  be d escr ib ed  in  
terms o f  an approximate sim ple shear mode p a r a l le l  to  th e c d ir e c t io n ,  
which confirm s th a t  sh ear s t r e s s  i s  s t i l l  th e  dom inating fa c to r .
A lso , a va lu e  o f  k > 1 i s  d i f f i c u l t  to  ap p rec ia te  in  terms o f  th e  
c r it e r io n  used , s in c e  on ly  the com plete re so lv e d  normal s t r e s s  (k = 1 ) 
can be exerted  on th e s l i p  p la n e . Thussa t  e le v a te d  tem peratures, 
th e c r i t e r io n  may n ot be ap p rop ria te . One p o in t o f  in t e r e s t  i s  th a t  
below 22°C th ere  i s  l i t t l e  v a r ia tio n  in  k , t h i s  phenomenon a ls o  b ein g  
observed by K e ller  and R ider (1966) when th ey  deformed specim ens a t  
22°C and 4°C.
S tra in  Hardening
When an a ly sin g  an in crea se  in  th e  re so lv e d  sh ear s t r e s s  during  
p la s t ic  deform ation , d i f f i c u l t y  a r is e s  in  d i f f e r e n t ia t in g  between a 
decrease in  , s tr a in  hardening, and an in cr ea se  in  shear s tr a in  
r a te  (s e e  s e c t io n  3.5 .1+). R esu lts  shown in  Figure 3 .8  c le a r ly  
i l lu s t r a t e  th e p o s s i b i l i t y  o f  s tr a in  harden ing, and an independence 
o f  during deform ation a t  22°C. I f  th ere  were no s t r a in  harden­
in g ,  a l l  specim ens would flow  a f te r  y ie ld  under th e  same con sta n t
shear s t r e s s  ac , independent o f  X^  (assum ing cr^  has no e f f e c t ) ,  
which i s  n ot the c a se . S tra in  hardening in  a m a ter ia l i s  r e la te d  to  
i t s  c r y s t a l l in e  te x tu r e , and in  Chapter 6  a s tr u c tu r a l model fo r  
o r ien te d  p o ly e th y len e  i s  d isc u sse d , in  which t i e  m olecu les between  
c r y s t a l l in e  r e g io n s , in f lu e n c e  the deform ation p r o p er tie s  o f  the  
polym er. I t  i s  th ere fo re  p o s s ib le  th a t  s tr a in  hardening cou ld  be 
a ttr ib u te d  to  a gradual in crea se  in  th e  c o n str a in ts  on such t i e  m ole­
c u le s  .
I t  i s  w e ll  known th a t c e r ta in  s in g le  c r y s ta ls  y ie ld  accord ing to  
a c r i t i c a l  shear s t r e s s  law (k = 0 ) , and during subsequent deform­
a tio n  th ere  i s  l i t t l e  s tr a in  hardening. C onsequently, a s u c c e s s fu l  
attem pt was made by Bowden and Young (1971) to  produce a h ig h ly  
c r y s t a l l in e  bulk specimen th a t r e f le c t e d  th e flow  p r o p e r tie s  o f  a 
s in g le  c r y s t a l .  In t h e ir  work, samples o f  o r ien te d  h igh  d e n s ity  
p o ly eth y len e  (R ig id ex  9) were annealed a t  200°C under a h y d r o s ta t ic
p ressu r e . The sam ples were then deformed in  com pression a t  room
- 2tem perature, and a va lu e o f  15 N mm was obtained  fo r  th e  flow  s t r e s s
co n stan t (a ) .c
3*5 .4  S tra in  Rate
When data was considered  in  terms o f  th e  flow  c r i t e r io n ,  i t  was
im p l ic i t ly  assumed th a t an in crea se  in  th e  reso lv e d  shear s t r e s s
(c  ) was s o le ly  due to  a decrease in  the normal s t r e s s  (o  ) ex er ted  s J n
on the s l i p  p la n e . I t  i s  known th a t  fo r  many v i s c o e la s t i c  m a te r ia ls  
such as polym ers, s t r a in  ra te  has an e f f e c t  on th e a p p lied  s t r e s s  
( s e e  Kumar (1 9 6 9 ) ) ,  and the exp ression  su ggested  by Eyring (s e e  
equation  ( 3 .5 ) )  in d ic a te s  th a t an in cr ea se  in  s t r a in  r a te  r e s u l t s  in  
an in cr ea se  in  s t r e s s .
When dum b-bell shaped t e n s i l e  t e s t  specim ens deform in  sim ple  
shear p a r a l le l  to  th e  c d ir e c t io n ,  the c o n s tr a in ts  o f  th e  g r ip s  cause  
the c d ir e c t io n  to  r o ta te  towards the t e n s i l e  a x is .  S ince shear  
s tr a in  ra te  (y )  i s  a fu n ctio n  o f  th e  angle X , y i s  not con stan t  
during deform ation . The r e la t io n s h ip  between y and X i s  d erived  
in  s e c t io n  5 .3 .3 ,  equation  ( 5 .5 ) ,  and i t  i s  shown th a t fo r  th e deform­
a tio n  o f  a specimen w ith  Xq = 60° , y in c r e a se s  by a fa c to r  o f  
about 2 when X decreases from 60° to  approxim ately 2 0 ° . A p lo t  o f  
re so lv e d  shear s t r e s s  a g a in st shear s tr a in  ra te  i l lu s t r a t e s  t h is  
e f f e c t  in  Figure 3 .9 ,  fo r  a specimen (XQ = 62°) deformed a t 22°C .
I t  i s  in t e r e s t in g  to  note th e  s im ila r it y  between th e  curve in  Figure  
3 .9  and th a t ob ta ined  from a non-Newtonian body, when su b jec ted  to  an 
in cr ea se  in  sh ear ra te  ( s e e  B illm eyer (1 9 6 2 )) .  I f  o r ie n te d  p o ly ­
e th y len e  behaves v i s c o e l a s t i c a l l y ,  then from data obtained  by Hinton
(1 9 7 2 ) , an in cr ea se  in  the shear s tr a in  r a te  by 2 i s  exp ected  to  
produce an in cr ea se  in  th e  re so lv e d  shear s t r e s s  o f  about 7%, which 
i s  r e l a t iv e l y  sm all compared w ith  th e  measured in crea se  va lu e o f  as
( •  50%).
I t  i s ,  however, ap p reciated  th a t s tr a in  ra te  a f f e c t s  th e  r e so lv e d
s t r e s s e s ,  and su bsequently  the param eters, k and cr^  . U n fo rtu n a te ly ,
th ere  was in s u f f ic ie n t  tim e to  carry out a s e r ie s  o f  t e s t s  whereby
the crosshead  speed was v a ried  so as to  f in d  out how a and k
c
changed w ith sh ear s tr a in  r a te .
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Figure 3 .1 :  Diagram to  i l l u s t r a t e  the angle and len g th
measured throughout the experim ent.
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Figure 3 .2 : V ariation  o f  shear s t r e s s  with normal s t r e s s  fo r
various t e s t  tem peratures, which are in d ic a te d  in  
degrees cen tig ra d e . The value o f  X was 
approxim ately 78° for  a l l  specim ens.
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V aria t ion  o f  shea r  s t r e s s  with normal s t r e s s  fo r  
specimens of  d i f f e r e n t  i n i t i a l  o r i e n t a t i o n  
measured a t  70°C. The values of  Aq are  
in d ic a ted .
A0
Degrees Nmm
k
8 ° 5-2 0-76
71 5-8 1-30
6 0 5-4
% 
1 '44
4 5 5-5 1-63*
29 5-7 232
Table 3.1: Experimental  values  o f  a ,  ana k obta ined  from 
various  specimens a t  70°C.
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Figure 3 .4 :
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V aria tion  o f  t e n s i l e  s t r e s s  w ith  o r ie n ta t io n  an gle  
at 70°C. The data p o in ts  are from th ree  
specim ens w ith in  the ce n tr a l reg io n , to  which the  
m aster curve i s  f i t t e d .
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Figure 3 .5 : Three m aster curves from th ree  specim ens, fo r  each
o f  th ree  tem peratures, which are in d ic a te d  in  
degrees cen tig ra d e .
Temperature
°C Nmra2
k
22 8-0 0-30
70 4-9 105
105 3-8 1-74
Table 3 .2 :  The va lu es o f  a and k obtained  from the th ree
m aster curve f i t t i n g s .
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Figure 3 .6 : V ariation  o f  k w ith  i n i t i a l  o r ie n ta t io n  angle at
th ree  tem peratures, each tem perature b ein g  
in d ica te d  in  degrees cen tig ra d e . The numbers in  
p a ren th esis  r e fe r  to  the p a r t ic u la r  co ld  drawn 
sh ee t used.
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Figure 3 .7 : The e f f e c t  o f  tem perature upon the param eters aQ
and k , fo r  specim ens w ith  the same A va lu e  
o f  78°.
CD 141 and C.D. 148 (marked * )
T emp., 
°C
*0
dearees
a c _2 Nmm,
k
6 0 8-1 0-49
22
4 6 7*9 0*64
*
5 0
78
41
6*6
7-1
0-65
1-92
9 0 72 5-5 1-78
CD 144
Temp., ° C  , k
°C degrees Nmm
59 7*6 0*23
22
4 6 7-9 0*45
77 6-0 0*54
5 0
4 5 6*8 1*28
9 0 75 4*7 0*99
Table 3 .3 : F lu c tu a tion s in  a and k, when specim ens are
obtained  from th ree  d if f e r e n t  co ld  drawn s h e e t s .
N
m
m
.
7
£ - •  -o -
6
5
3
2
1
0
21
y
Figure 3 .8 :  V aria tion  o f  shear s t r e s s  w ith  shear s tr a in  a f t e r
y ie ld  fo r  two specimens at 22°C.
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Figure 3 .9 : The r e la t io n sh ip  between shear s t r e s s  and sh ear
s tr a in  r a te ,  during the p la s t i c  deform ation o f  a 
specimen (A = 62°) a t 22°C.
CHAPTER 4
The Geometry o f  Deformation o f  O riented P o lyeth y len e
4 .1  In trodu ction
I t  was mentioned in  th e  p rev ious chapter th a t  fo r  o r ien te d  
polym ers, y ie ld  i s  o ften  accompanied by th e  form ation o f  a narrow  
zon e, in s id e  which the m a ter ia l i s  h ig h ly  deformed. The circum ­
sta n c es  linder which th ese  bands form in  h igh  d en s ity  o r ie n te d  p o ly ­
eth y len e  have been in v e s t ig a te d  in  d e t a i l  by Kurokawa and Ban (196*+), 
Seto  and Tajima (1 9 6 6 ) , and K e lle r  and R ider (1 9 6 6 ). In a l l  ca se s  
the o r ie n te d  p o ly eth y len e  had to  be annealed b efore  w e ll  d efin ed  
bands formed, although K e lle r  and R ider (1966) found th a t  deform ation  
bands formed when unannealed o r ien te d  p o ly eth y len e  was t e s t e d  a t  a 
very h igh  s tr a in  r a te .  T ests  ca rr ied  out a t  4°C a ls o  showed band 
form ation . I t  w as, however, found by K e lle r  and R ider (1 9 6 6 ) , th a t  
i t  was not on ly  pretreatm ent to  th e  o r ien te d  p o ly eth y len e  th a t  
a f fe c te d  band form ation , but a ls o  th e value o f  th e  i n i t i a l  o r ie n ta t io n  
angle (Aq) o f  the specim en. Depending upon the value o f  Aq i t  
was found th a t i t  was p o s s ib le  to  produce two typ es o f  deform ation  
band, re fe r r e d  to  as type 1 and type 2 by Hargreaves (1 9 7 0 ) .  
D iffe r e n c e s  between th e two typ es are d iscu ssed  in  s e c t io n  A .4 .1 .  
R esu lts  p u blished  by K e ller  and R ider (1966) showed th a t  fo r  annealed  
p o ly eth y len e  specim ens w ith  Xq va lu es  o f  up to  7 0 ° , deform ation  
bands formed w ith in  1 0 °  o f  the c d ir e c t io n ,  such th a t the an gle  
between th e  band and t e n s i l e  d ir e c t io n s  was always l e s s  than th e  
an g le  between the c and t e n s i l e  d ir e c t io n s .  On subsequent deform­
a tio n  con sid erab le  amounts o f  sh ear occurred in  th e  band u n t i l  th ere  
was a s l i p - o f f  p r o c e s s . These r e s u lt s  in d ic a te d  th a t th e  p l a s t i c
deform ation th a t had occurred in  o r ien te d  p o ly e th y le n e , approximated  
to  s l i p  in  th e  c d ir e c t io n .  Various o th er  workers ( s e e  D arlington  
and Saunders (1970) and Young e t  a l .  (1 9 7 2 )) have a lso  rep orted  th a t  
the deform ation mechanism o f  o r ien te d  p o ly eth y len e  a t room tem per­
ature can be d escr ib ed  as sim ple shear in  th e c d ir e c t io n .
A d e ta ile d  s tr a in  a n a ly s is  in  deform ation bands would prove 
d i f f i c u l t  because o f  th e  la rg e  shear s tr a in s  in v o lv e d , thus a s t r a in  
a n a ly s is  on specim ens th a t d id  not form bands but underwent uniform  
deform ation was performed by Hinton and R ider (1 9 6 8 ). T heir f in d in g s  
were th a t a s so c ia te d  w ith  a sim ple shear p rocess th ere  was a 
r e o r ie n ta t io n  o f  m a te r ia l. D ev ia tion  from sim ple shear was assumed 
to  be th e  consequence o f  a d is tr ib u t io n  o f  o r ien ted  chains about th e  
draw d ir e c t io n .  R eferrin g  to  th e  mean d ir e c t io n  o f  a l l  th e  chain  
axes as the c d ir e c t io n ,  the model su ggested  by Hinton and R ider  
(1968) was as fo llo w s:  (a )  th e  f i r s t  increm ent o f  deform ation was
sim ple shear in  th e c d ir e c t io n ,  (b ) t h is  shear p rocess produced a 
new d is tr ib u t io n  o f  ch a in s , w ith th e  c d ir e c t io n  no lon ger  p a r a l l e l  
to  the i n i t i a l  shear d ir e c t io n ,  and (c )  th e n ex t increm ent o f  sh ear  
then occurred in  th e  new c d ir e c t io n . This sh ear r e o r ie n ta t io n  
p rocess was then continued  and th e r e s u lta n t  m acroscopic s t r a in  in  a 
t e n s i l e  specimen c a lc u la te d . Hinton and R ider (1968) found th a t  i f  
i t  was assumed th a t a shear increm ent o f  1 % produced, a r e o r ie n ta t io n  
o f  0 . 0 2 °  ( 0 ) in  th e c d ir e c t io n , th ere  was good agreement w ith  
experim ental d a ta . From th e model, a d ev ia tio n  between th e  g r id  
d ir e c t io n  and c d ir e c t io n  was th e r e fo r e  s a t i s f a c t o r i l y  accounted  fo r .
In Chapter 3 the flow  c r it e r io n  used a ls o  im p lie s  th a t  th ere  
i s  an a s so c ia te d  shear p rocess in  th e  c d ir e c t io n . I t  i s  th e r e fo r e  
■ intended  to  extend the s tu d ie s  performed by Hinton and R ider (1 9 6 8 ) ,
in  order to  d escr ib e  th e deform ation behaviour o f  o r ie n te d  p o ly ­
e th y len e  a t e le v a te d  tem peratures.
4 .2  Experim ental
4 .2 .1  Procedure
Most specim ens were deformed in  the sm all t e n s i l e  t e s t in g  
m achine, between tem peratures o f  22°C and 120°C. As in  th e  prev ious  
ch ap ter , Xq var ied  between 30° and 8 0 ° . In a d d itio n  * a few t e s t s  
were ca rr ied  out a t tem peratures o f  0°C and -10°C , u sin g  th e  E -type  
Tensoineter and environm ental chamber. The deform ation o f  a few  
specim ens whose i n i t i a l  o r ie n ta t io n  an g les were 0° and 90° were a ls o  
stu d ied  a t  room tem perature, again  u sin g  th e  E-type Tensom eter. 
F in a l ly ,  some specim ens were annealed w ithout any c o n s tr a in ts  in  a ir  
fo r  h a lf-a n -h o u r  a t  tem peratures between 50°C and 120°C. The c o o lin g  
r a te  was about QOC^hr"1. Annealed specim ens were then t e s t e d  a t  room 
tem perature u sin g  the sm all t e n s i l e  t e s t in g  machine. In a l l  ca se s  
the crosshead speed was 0 .6 7  mm min""1 .
4 . 2 . 2  Measurements
A few o f  th e im portant measurements taken during th e  course o f  
s tu d ie s  in  t h is  chapter are i l lu s t r a t e d  in  Figure 4 . 1 ,  where th ere  are  
two micrographs o f  a ty p ic a l  specimen b efo re  and a f t e r  d eform ation .
The various an g les measured from the p r in ts  w ere; w , th e  an g le  o f  
sh ea r , and X . The angle the c d ir e c t io n  made w ith  r e sp e c t  t o  th e  
specimen edge (Xc > was obtained  from th e  c a lib r a te d  r o ta t in g  s ta g e  
o f  th e  m icroscope. In most c a s e s ,  a f t e r  specimen deform ation ,
X > Xc and t h is  i s  shown in  Figure 4 . 1 ,  although not to  s c a le .
Linear measurements taken from th e p r in ts  were Z ( s e e  Chapter 3 ) ,
a -  the d is ta n ce  between co n secu tiv e  dots in  th e g r id  d ir e c t io n ,  and
h -  th e  p erpend icu lar sp acin g  between two rows o f  dots in  th e  g r id
d ir e c t io n .  The i n i t i a l  va lu es o f  Z 9 a , and h were & ,’ 5 o
aQ , and hQ r e s p e c t iv e ly .  A l l  measurements were made in  the  
reg ion  where uniform deform ation occu rred , and th e  d is ta n c e s  Z , 
as and h were averaged over f iv e  dot s p a c in g s . Specimen deform ation  
continued  u n t i l  i t  was im p o ssib le  to  r e so lv e  adjacent d o ts  fo r  shear  
angle m easurem ents.
Thickness measurements were taken o f  th e  specimen b efo re  and 
a f t e r  deform ation , and a ls o  b ir e fr in g e n c e  va lu es during th e  deform­
a tio n  p r o c e ss . I t  i s ,  however, con sid ered  appropriate to  d isc u ss  
most o f  th e  b ir e fr in g e n c e  r e s u lt s  in  Chapter 6  where o r ie n ta t io n  
e f f e c t s  are co n sid ered .
**•3 Geometry o f  Simple Shear
Simple shear i s  i l lu s t r a t e d  in  Figure .2 where a square o f
s id e  a (h = a ) i s  sheared in  th e X d ir e c t io n  (sh ea r  d ir e c t io n ) ,  o o o
P o in ts p ( x , y )  on the u n stra in ed  square and p ^ x ^ y 1) on th e
s tr a in e d  square are r e la te d  by th e  two equations:
x* = x + yy ( h . l )
and
y* = y  ( ^ . 2 )
where y = tanu> , i s  the u n it  o f  sim ple sh ear s t r a in .  I t  can be 
seen  from th e f ig u r e  th a t th e p erp en d icu lar sp acin g  (hQ) between
-  55 -
the two l in e s  drawn p a r a l le l  to  th e shear d ir e c t io n  i s  co n sta n t, and 
the len g th  o f  any l in e  (a^) in  th e  shear d ir e c t io n  remains unchanged. 
Thus, i f  sim ple shear occurs in  one p lane then th e  deform ation i s  
plane s tr a in  a t con stan t volume.
When a specimen i s  deformed in  te n s io n , and sim ple shear occurs 
in  th e c d ir e c t io n ,  which i s  a t  an angle to  the t e n s i l e  a x is ,  then  
due to  th e  c o n s tr a in ts  o f  th e  g r ip s  on th e  specim en, th e c d ir e c t io n  
w i l l  r o ta te  towards th e  t e n s i l e  a x i s . The geometry fo r  t h is  deform-* 
a tio n  i s  i l lu s t r a t e d  in  Figure 4 . 3 ,  where the two p a r a l le l  l in e s  
drawn, each rep resen t a row o f  dots in  th e c d ir e c t io n  th a t are 
sep arated  by a perp en d icu lar spacing  o f  hQ . A sim ple shear o f  y 
in  th e c d ir e c t io n  would r e s u lt  in  p o in t A on the specim en edge 
moving to  B, where AOB i s  th e  shear angle to . However, s in c e  th e  
specimen edge must be m aintained in  the t e n s i l e  d ir e c t io n , B has to  
r o ta te  by a value o f  i|> to  A, or co n v erse ly  B s ta y s  a t  A w h ils t  the  
c d ir e c t io n  r o ta te s  through the angle ij> .
As hQ i s  con stan t fo r  sim ple sh ea r , i t  fo llo w s  from th e  
diagram that:
h = Z sinX ( 4 . 3 )o o o
and
h = Z sinX ( 4 . 4 )o
From equations ( 4 . 3 )  and ( 4 . 4 )  th e  fa m ilia r  Schmid and Boas (1950) 
r e la t io n s h ip  d erived  fo r  s l i p  in  m etal s in g le  c r y s ta ls  i s  ob ta ined , 
which i s :
sinX
i -  = - W 1  (**.5)Z sinXo '
£where —— i s  the ex ten sio n  r a t io .  Wow:Xfo
A .B. = h tanco o ( 4 . 6 )
and
£AB
sin*f> sinX ( 4 .7 )
Thus, combining equations ( 4 .3 ) ,  ( 4 .6 ) ,  and ( 4 .7 ) ,  i t  can be shown 
that:
sinijj
sinX sinX  o
(4 .8 )
and s in c e
sinii/ = sin(X -  X)o ( 4 .9 )
th e  shear s tr a in  i s :
y = cotX -  cotX (4 .1 0 )
By combining eq u ation s ( 4 .5 )  and ( 4 .1 0 ) ,  i t  can a ls o  be shown th a t
Y = -  1
i£ s in 2X v o o
-  cotX (4 .1 1 )
Equations (4 .1 0 )  and (4 .1 1 )  th e r e fo r e  exp ress th e amount o f  sim ple
shear s tr a in  in  terms o f  e i th e r  X and X , or X and th e  exten-o 9 o
s io n  r a t io  o f  th e  specim en.
4 .4  R esu lts
4 .4 .1  Dependence on X  ^ a t  Room Temperature
I t  was found then when specim ens w ith  X^  va lu es o f  90° were 
t e s te d  in  te n s io n , b r i t t l e  fr a c tu re  always propagated p a r a l le l  to  th e  
c d ir e c t io n .  A t y p ic a l  specim en a f t e r  fra c tu re  i s  shown in  Figure  
4 .4 ,  and a p o in t o f  in t e r e s t  i s  th e  f ib ro u s  tex tu re  along th e  
fra c tu re  su r fa c e . A sso c ia ted  w ith  t h i s  fra c tu re  was a t e n s i l e  s t r a in
o f  about 6% a t r ig h t  an g les to  th e c d ir e c t io n ,  w ith no r e s u lt in g
£ •
sh ear s t r a i n . Thus -r~  was eau a l to  r— . In order t o  d escr ib e£ - ho c •
th e  fractu p e mechanism, a m orphological model fo r  o r ien te d  p o ly ­
eth y len e  i s  req u ired , and t h is  i s  d iscu sse d  in  Chapter 6 .
When X was reduced from 90° to  8 0 ° , specimen deform ation was o 9 ~
no lon ger fr a c tu r e , bu t was by th e  form ation o f  a deform ation band 
th a t  extended across th e  specim en. The micrograph in  F igure 4 .5  
shows the form ation o f  such a band a f t e r  a specimen (Xq = 8 1 °) had 
undergone a t e n s i l e  s t r a in  o f  about 10%. P o la r ised  l i g h t  was used  
t o  show up the o r ie n ta tio n  change a cross th e band. An im portant 
fea tu re  o f  th e  band i s  th a t th e c d ir e c t io n  and band boundary are  
in c lin e d  to  each o th er  a t  a la r g e  angle (approxim ately  8 0 ° ) .  This 
kind o f  band was re fe rred  to  as type 2 by Hargreaves (1 9 7 0 ) , in  con­
t r a s t  to  th e  type 1 band in  which th e  band boundary and c d ir e c t io n  
were w ith in  about 10° o f  each o th e r . Various o th er workers ( s e e  
Seto  and Tajima (1966) and K e lle r  and R ider (1 9 6 6 )) have a ls o  rep orted  
such bands, r e fe rred  to  as kink bands, in  o r ien ted  p o ly e th y le n e  
t e n s i l e  t e s t  specim ens w ith  la r g e  X^  v a lu e s . A stu d y  in to  kink  
band form ation was not in tended  but on ly  an in v e s t ig a t io n  in to  th e  
deform ation behaviour w ith in  th e  band. The on set o f  a k ink  band
such as th a t shown in  Figure 4 .5  was d i f f i c u l t  to  a s s e s s  e s p e c ia l ly
as th e  kink boundaries were n ot w e ll  d e fin e d , but as th e  t e n s i l e  t e s t
con tin u ed 9 th e  band expanded as th e  two kink boundaries moved a p a rt,
A kink band during i t s  la t e r  s ta g e s  o f  development i s  shown in  F igure
4 .6 ,  where i t  can be seen  th a t th e m a ter ia l o u ts id e  th e band i s
r e la t iv e l y  undeformed compared w ith  th e  shear th a t has taken p lace
w ith in  the band. For specim ens w ith  Xq va lu es o f  about 8 0 ° ,
deform ation w ith in  the band was uniform u n t i l  X was approxim ately
5 7 ° , th ere  a f t e r  deform ation w ith in  th e  band ceased  to  be uniform ,
r e s u lt in g  in  curved g r id  l i n e s ,  thus making shear s tr a in  measurements
d i f f i c u l t .  The l im it in g  angular co n d itio n  fo r  kink band form ation
was found in  specim ens w ith  Xq va lu es o f  about 7 0 ° . However,
u n lik e  the 80° (X ) specim ens, deform ation w ith in  th e  band was o
uniform fo r  la r g e  s t r a in s ,  and c h a r a c te r is t ic  o f  specim ens w ith  Xq 
va lu es equal t o  th a t value o f  X w ith in  th e band, as shown below .
Specimens w ith  X v a l u e s  between 70° and 30° deformed 
uniform ly in  a sim ple sh ear mode approxim ately p a r a l le l  t o  th e  g r id  
d ir e c t io n .  In Figure 4 .7  data i s  shown fo r  a specimen w ith  a Xq 
o f  6 1 ° , th a t has been deformed u n t i l  a shear s t r a in  o f  about 2 .4  was 
a t ta in e d . The s tr a ig h t  l in e  in  Figure 4 .7  i s  ob ta ined  from equation  
(4 .1 0 )  fo r  sim ple sh ea r , w h ils t  the d o tted  l in e  i s  a mean path through  
th e  experim ental p o in t s , D eviation  from sim ple shear appears to  
occur a f t e r  a shear s tr a in  o f  about 0 .8 , and t h is  tren d  was a ls o  e v i ­
dent in  o th er specim ens w ith  d if f e r e n t  v a lu es o f  Xq , ex ce p t fo r  X^  
o f  about 30° where th ere  was no m easurable d e v ia t io n . I t  sh o u ld ,  
however, be noted th a t y i s  measured w ith  r e sp e c t  to  th e  g r id  
d ir e c t io n  and not the c d ir e c t io n ,  which d e v ia te s  away from th e  g r id  
d ir e c t io n  by a maximum o f  about 3° a f t e r  a sh ear s tr a in  o f  about 2 ,
as a r e s u l t  o f  r e o r ie n ta t io n . The angle o f  d e v ia t io n , 6 , i s  g iven  
by:
6 = X -  X (4 .1 2 )c
and in  Figure 4 .8  th ere  i s  t y p ic a l  v a r ia tio n  o f  6 w ith  ex ten sio n  
r a t io  fo r  a specimen th a t has a Xq value o f  5 9 ° . The d e v ia tio n  
between sim ple shear and experim ental r e s u lt s  as shown in  F igure 4 .7  
can , however, be con sid ered  in  terms o f  changes in  th e  param eters
h  3.and —  which are very s e n s i t iv e  to  changes in  th e  d ir e c t io n  o f  
o o
shear (Xc ) . Thus, i f  no r e o r ie n ta t io n  took p la ce  during sim ple  
sh ea r , 6 would remain z e r o , and th e  param eters h and a would 
remain co n sta n t. However, t h i s  i s  not th e  ca se  ( s e e  F igure 4 .8 ) ,  
th ere fo re  changes in  h and a in d ic a te  th e e f f e c t  o f  th e
1*1 3r e o r ie n ta t io n  p r o c e ss , as shown in  Figure 4 .9 ,  where r— and —n 3o o
are p lo t te d  a g a in st sh ear s t r a in .  I t  can be seen  from Figure 4 .9
th a t fo r  specim ens t e s t e d  w ith  Xq va lu es between 73° and 4 1 .5 ° ,
d ev ia tio n  from sim ple sh ear i s  independent o f  XQ , whereas fo r  th e
specimen w ith  a XQ o f  30° th ere  i s  good agreement w ith  sim p le shear
(a s  mentioned above) s in c e  r — = —  = 1  . The sh ear r e o r ie n ta t io nn 3o o ;
model su ggested  by Hinton and R ider (1968) i s  f i t t e d  to  th e  data in
Figure 4 .9 ,  and th e continuous curves are th e p red ic te d  changes in
and ~  w ith  y , when 0 * 0 .0 1 °  (r e o r ie n ta t io n  a n g le ) fo r  1% 
o o
sh ea r . The estim ated  ejqperimental err o r  o f  data i s  in d ic a te d  by th e  
error  b a r , and a r is e s  in  some measure due to  th e  fa c t  th a t  i n i t i a l l y  
the g r id  and c d ir e c t io n s  are n o t always e x a c t ly  p a r a l le l  (maximum 
error o f  1 ° ) ,  consequently  a sm all s c a t t e r  in  data between specim ens 
o f  d if f e r e n t  v a lu es  o f  Xq i s  ex p ected .
Thickness measurements taken o f  specim ens b efo re  and a f t e r  
deform ation showed no change (w ith in  experim ental err o r  o f  2%), in d i -
e a tin g  plane s tr a in  d eform ation . Values o f  th e  product 
3 h(—  x -—) c a lc u la te d  from measurements shown in  F igure 4 .9  fo r  a a h
0 0  oty p ic a l  specimen (Xq = 6 1  ) during deform ation are l i s t e d  in
Table 4 .1 ,  and s in c e  the product i s  u n ity , w ith in  an estim a ted
experim ental erro r  o f  2%, deform ation i s  assumed to  be a t con stan t
volum e.
Specimens w ith XQ va lu es  o f  0° extended uniform ly in  th e
c d ir e c t io n  up to  s tr a in s  o f  about 12% = 1 .1 2 ) , th e r e a f te r  th es o
deform ation was non-uniform  u n t i l  fr a c tu re  occurred a t  s t r a in s  o f  
about 30%. The r e s u lt in g  unclean fra c tu re  edge i s  shown in  Figure 
4 .1 0 ,  and th e  ink dots on the specimen su rfa ce  p ortray  th e  ra th er  
ir r e g u la r  deform ation th a t  has taken p la c e . C areful exam ination  
in d ic a te d  th a t the deform ation was approxim ately non-uniform  sim ple  
shear in  th e t e n s i l e  d ir e c t io n .
4 .4 .2  E ffe c ts  o f  Temperature on th e  Deformation Geometry
As a t  room tem perature, kink bands formed when specim ens w ith  
XQ v a lu es  g rea te r  than 70° were t e s te d  a t  tem peratures between -10°C  
and 120°C. D e ta ile d  deform ation s tu d ie s  were th e r e fo r e  con fin ed  to  
specim ens th a t  deformed uniform ly (7 0 °  > XQ > 30°) a t  th e  temper­
a tu res  o f  50°C, 70°C, 90°C, 105°C, and 120°C.
I t  was found th a t as th e t e s t  tem perature in c r e a se d , th ere  was 
fu rth er  d ev ia tio n  from sim ple sh ea r . In F igures 4 .1 1  and 4 .1 2 ,
o
i s  p lo tte d  a g a in st y fo r  specim ens t e s t e d  a t 50 C and 90 C 
r e s p e c t iv e ly .  I t  can be seen  from th e  data th a t  d ev ia tio n  from 
sim ple shear fo r  specim ens t e s te d  a t 50°C i s  not s ig n i f i c a n t ly  g rea te r  
than room tem perature t e s t s ,  although a t  90°C th ere  i s  co n sid era b le
in creased  d e v ia t io n . A f i t  t o  th e 90°C data was made u s in g  th e shear  
r e o r ie n ta tio n  model (continuous curve) w ith  6 = 0 .0 3 ° .  As a t room 
tem perature, low angle specim ens (A « 30°) were anomalous, e x h ib it ­
ing  l i t t l e  d e v ia tio n  from sim ple sh ear .
At 105°C and 120°C, specim ens l o s t  t h e i r ’s t r e s s  w h iten ed 1
o p a city  and became ra th er  tran sparen t b efore th e  o n set o f  deform ation.
On deforming specim ens a t 105°C and 120°C, c e r ta in  unusual phenomena
were observed . Fox-’ low angle specim ens, a fib ro u s  te x tu r e  a long the
edge was n o ticed  a f t e r  shear s tr a in s  o f  about 0 .8 ,  and one such example
i s  shown in  Figure 4 .1 3  where A = 32°, and t e s t  teirroerature 105°C.o
The fib ro u s ’n o tc h e s ’ grad u ally  opened out on fu r th er  deform ation  
u n t i l  s l i p - o f f  fra c tu re  occurred in  approxim ately th e  g r id  d ir e c t io n .
A micrograph o f  a t y p ic a l  s l i p - o f f  fra c tu re  edge a t 105°C i s  i l l u ­
s tr a te d  in  Figure 4 .1 4 , where th e fra ctu re  edge i s  in d ic a te d  by an
arrow . Above X va lu es o f  about 4 0 ° , where th e fib ro u s  te x tu r e  o 9
a t  th e  edge o f  specim ens was on a f in e r  s c a le ,  data was ra th er
in c o n s is t e n t .  In most cases during deform ation , 6 became p o s it iv e
( i . e .  A > Ac ) as shown in  Figure 4 .1 5 .,  However, fo r  a few specim ens
te s t e d  a t 105°C and 120°C, 6 became n e g a t iv e , even though sim ple
shear in  the c d ir e c t io n  was th e  mode o f  deform ation , thus ~  would9 ho
be expected  to  decrease in  terms o f  the sh ear r e o r ie n ta t io n  m odel. 
Although th ese  specimens were an ex cep tio n  t o  th e r u le ,  i t  i s  con­
s id ered  o f  in t e r e s t  to  rep ort the r e s u lt s  which are shown in  Figure  
4 .1 6  to g e th er  w ith  r e s u lt s  o f  specim ens showing normal behaviour a t  
105°C. In Figure 4 .1 6 ,  th e  low angle specimen (Aq = 32°) i s  o f  
the fib ro u s edge ty p e , w h ils t  specim ens w ith  A v a l u e s  o f  6 1 .5 °  
and 46° were anomalous, w ith  6 n e g a t iv e . A comparison between th e  
shear r e o r ie n ta t io n  model when f i t t e d  to  the 90°C data (G = 0 .0 3 ° )  ,
—  O/L —
and th e normal 105°C d a ta , shows l i t t l e  d iffe r e n c e  in  deform ation  
behaviour between th e  two t e s t  tem peratures.
During deform ation , th ic k n e ss  measurements a t e le v a te d  temper­
a tu res  were im p ossib le  w ith  th e  sim ple techn ique u sed , th u s measure­
ments were taken a t  room tem perature b efore and a f t e r  deform ation , 
the specimen having been ra p id ly  coo led  to  room tem perature a t  th e  
eid o f  the t e s t .  R esu lts  showed th a t a f t e r  deform ation th ere  had been 
an in cr ea se  in  th ick n ess  o f  specim ens t e s t e d  a t 90°C and above. By 
comparison w ith  specim ens annealed (s e e  s e c t io n  4 .4 .3 )  a t various  
t e s t  tem peratures but not subsequently  deformed, the change in  
specimen th ick n ess  was shown to  be p rim arily  due to  the e f f e c t  o f  
an n ealin g  compared w ith  th e  e f f e c t  o f  t e n s i l e  deform ation . For 
exam ple, fo r  a specimen te s te d  a t 90°C, th e change in  th ic k n e ss  was 
accounted fo r  by a 2% in cr ea se  due to  a n n ea lin g , and a 1.5% decrease  
due to  t e n s i l e  deform ation . These changes in  th ick n ess  were on ly
ju s t  w ith in  the 1.5% erro r  o f  measurement. Although th e  r e s u l t s
IIshorn in  Figure 4 .1 2  in d ic a te  th a t does not remain co n sta n t fo r
a °  hh igh  shear s t r a in s ,  th e  product (—  x r--) d o es , in d ic a t in g  ap p rox i-a n o o
m ately plane s tr a in  deform ation as su ggested  above. T his behaviour i s
i l lu s t r a t e d  by th e  r e s u lt s  in  Table 4 .2  fo r  a ty p ic a l  specimen
(Ao = 67°) t e s t e d  a t 90°C. I t  can , however, be seen  by comparing
Tables 4 .2  and 4 .1  th a t a t  90°C th ere  i s  p o s s ib ly  a s l ig h t  tren d
towards an in cr ea se  in  a rea , a s so c ia te d  w ith  a s l ig h t  d ecrease in
th ick n ess  d iscu sse d  above due to  t e n s i l e  deform ation , r e s u lt in g  in
approxim ately co n stan t volume deform ation . This was a ls o  e x h ib ite d
in  th e  case o f  th e  anomalous behaviour o f  specim ens t e s t e d  a t 105°C
and 120°C, in  which h decreased and a in c r e a se d , such th a t  th e  
3 hproduct (^— x £-—) remained approxim ately co n sta n t, 
o o
At 0°C and -10°C , behaviour o f  specim ens was ra th er  v a r ia b le .
For a l l  specim ens, deform ation was i n i t i a l l y  r e la t iv e ly  uniform , but 
in  some ca ses  a f t e r  a shear s tr a in  o f  about 0 .5 , lo c a l i s e d  s l i p - o f f  
fra c tu re  occurred ( c . f .  r e s u lt s  o f  K e ller  and Rider (1 9 6 6 )) .  A 
ty p ic a l  fra c tu re  in  a specimen (Xq = 71°) a t  -10°C i s  shown in  i t s  
la t e  s ta g e s  in  Figure 4 .1 7 ,  where th e fr a c tu r e  edge i s  in d ic a te d  by 
an arrow . At 0°C c e r ta in  specim ens d id , however, e x h ib it  uniform  
deform ation up to  la r g e  sh ear s t r a in s ,  and th e r e s u lt s  fo r  a t y p ic a l  
specimen (Xq = 48°) are i l lu s t r a t e d  in  Figure 4 .1 8 ,  where th e  
s tr a ig h t  l in e  i s  obta ined  from th e  ex p ressio n  fo r  sim ple sh ear (eq u ation  
4 .1 0 ) .  I t  can be seen  th a t th ere  i s  r e la t iv e ly  good agreement 
between sim ple shear and experim ental d a ta .
4 .4 .3  Annealed Specimens
The aims behind a s e r ie s  o f  t e s t s  performed on annealed  specim ens 
were tw o fo ld . F ir s t ,  to  compare th e  change in  dim ensions between  
c o n tr o lle d  annealed specim ens, and th o se  specim ens a t  th e e le v a te d  
tem peratures p r io r  to  deform ation . Second ly , to  compare th e  d i f ­
feren ces  in  deform ation between annealed specim ens t e s t e d  a t  room 
tem perature, and specim ens t e s t e d  a t th e  e le v a te d  tem perature.
Changes in  specimen dim ensions were found to  be id e n t ic a l  in  
both specim ens annealed fo r  h a lf-a n -h o u r  (measurements taken a t  
22°C) and specim ens a t  the e le v a te d  tem peratures (measurements taken  
a f t e r  2 m inutes) aw aitin g  deform ation . Thus,m acroscopic changes 
were independent o f  annealing  co n d itio n s  and tim e (o v er  th e  range o f  
2-30  m in u tes). The most s ig n i f ic a n t  e f f e c t  o f  an n ea lin g  was a con­
tr a c t io n  a long th e  c  d ir e c t io n  w ith  no change in  hQ . Table 4 .3  
l i s t s  th e  percentage co n tra ctio n  in  the c d ir e c t io n  fo r  tem peratures
between 70°C and 120°C . As a r e s u lt  o f  c o n tr a c tio n , th e  g r id  
d ir e c t io n  r o ta ted  away from th e t e n s i l e  a x is  by a few d eg ree s .
There was a ls o  an in cr ea se  in  th ick n ess  (s e e  Table 4 .3 )  in  specim ens, 
although t h is  was in s u f f ic ie n t  to  m aintain con stan t volume during  
an n ea lin g , r e s u lt in g  in  an in cr ea se  in  d e n s ity . The in cr ea se  in  
d e n s ity  fo r  specim ens annealed a t  105°C was measured u sin g  d e n s ity  
grad ien t colum ns, and in d ic a te d  an in crea se  o f  4.4%, compared w ith  an 
in cr ea se  in  d e n s ity  ob ta ined  from data in  Table 4 .3  o f  4.2%. This 
in cr ea se  in  d e n s ity  i s  p o s s ib ly  a ttr ib u te d  to  p a r t ia l  vo id  c lo su re  
w ith in  th e m a te r ia l, which i s  d iscu sse d  fu r th er  in  s e c t io n  6 .3 .4 .  
B irefr in g en ce  measurements su ggested  a sm all gradual d is o r ie n ta t io n  
in  th e chain d is tr ib u t io n  w ith  annealing  tem perature, s in c e  a t 70°C, 
90°C, and 105°C the decrease in  b ire fr in g e n c e  was about 2.5%, 3.5%, 
and 4.5% r e s p e c t iv e ly .
There w ere, however, co n sid erab le  d if fe r e n c e s  in  deform ation  
behaviour between specim ens t e s t e d  a t th e  e le v a te d  tem p eratu res, and 
specim ens annealed a t  the same tem perature but t e s t e d  a t  room temp­
e r a tu r e . Some ty p ic a l  r e s u lt s  are shown in  Figure 4 .19  which 
in d ic a te  a con stan t value o f  h w ith in  experim ental e r r o r . This 
c o n tr a sts  w ith  data shown in  F igures 4 .1 2  and 4 .1 6  fo r  specim ens 
t e s t e d  a t th e corresponding tem peratures. The l a s t  experim ental 
p o in t fo r  each specimen annealed a t  105°C and 120°C in d ic a te s  th e  end 
o f  uniform deform ation (y  = 1) beyond which th ere  was lo c a l i s e d  
s l i p  in  a narrow reg ion  o f  th e specim en, as shown in  F igure 4 .2 0  by  
the broken l i n e .  Such bands, however, had no w e ll  d e fin ed  
b ou nd aries, in  c o n tra st to  the s l i p  bands reported  by K e lle r  and R ider  
(1 9 6 6 ) . Formation o f  such bands th e r e fo r e  prevented  th e  co n tin u a tio n  
o f  uniform s tr a in  measurements b ein g  tak en . For annealed specim ens
w ith low va lu es  o f  Aq a ’f ib ro u s  edge* a ls o  developed , s im ila r  to  
th a t  a s so c ia te d  w ith  unannealed specim ens t e s te d  a t high tem p eratu res. 
For specim ens annealed a t  120°C and t e s te d  a t 22°C, th e g r id  
dim ension , a ,  was found to  in cr ea se  by about 3,8% fo r . a shear s tr a in  
o f  about 1 , which c o n tr a s ts  w ith unannealed specim ens where a d ecrease  
o f  about 3% would be exp ected . This in crea se  in  a ,  a s so c ia te d  w ith  
no change in  h , le a d s  to  an in crea se  in  th e g r id  a rea . Thus, th e  
deform ation was not e x a c t ly  p lane s t r a in .  However, a th ic k n e ss  
decrease  o f  3.7% was measured which in d ica te d  a con stan t volume 
deform ation . For specim ens annealed a t  105°C and below , s c a t t e r  in
clth e  v a lu es  o f  (—  x ) and th ick n ess  measurements were w ith in  th ea h o o
experim ental error o f  2%.
V aria tion  o f  w ith  y fo r  specim ens annealed a t  70° and
o
50 C i s  shown in  F igure 4 .2 1 , and i t  can be seen th a t th ere  i s  no 
s ig n i f ic a n t  d if fe r e n c e  between t h is  data and th a t in  F igure 4 .9  fo r  
unannealed m a ter ia l t e s te d  a t  22°C. The curve in  F igure 4 .2 1  super­
imposed on the data i s  the shear r e o r ie n ta t io n  model when f i t t e d  to  
the room tem perature data in  F igure 4 .9  (0 = 0 .0 1 ° )  .
4 .5  D iscu ssio n
T en s ile  deform ation o f  specim ens w ith  A^  va lu es o f  90° and 0°  
r e su lte d  in  fr a c tu r e , w ithout the c h a r a c te r is t ic  uniform s l i p  
a sso c ia te d  w ith  in term ediate a n g le s . When the t e n s i l e  s t r e s s  i s  
re so lv e d  a lon g  th e c d ir e c t io n  fo r  specim ens w ith  Aq v a lu es  o f  
e ith e r  90° or 0 ° ,  the s t r e s s  c o n d itio n s  would favour chain  sep a ra tio n  
and chain ex ten sio n  r e s p e c t iv e ly .  Thus, when co n sid er in g  th e  te n ­
s i l e  deform ation o f  such specim ens, th e  c r y s ta l  l a t t i c e  s t r a in  has to
be taken in to  accou n t. By u sin g  the s t r e s s  data a t fra c tu re  ( s e e  
Chapter 5 ) ,  and p u blished  c r y s t a l l in e  l a t t i c e  modulus data by
Sakurda e t  a l .  (1 9 6 6 ) , i t  would appear th a t th e  c r y s ta l  l a t t i c e
o cs tr a in  a t  fra c tu re  fo r  specim ens w ith  XQ va lu es o f  90 and 0 
would be approximately 0.6% and 0.1% r e s p e c t iv e ly .  By comparison 
w ith  th e observed m acroscopic s tr a in  a t  fra c tu re  (6% and 30% 
r e s p e c t iv e ly )  i t  i s  th ere fo re  most l i k e ly  th a t most o f  th e  s tr a in  has 
been accommodated in  the amorphous in t e r c r y s t a l l in e  r e g io n s .
Various models have been su ggested  (s e e  P e te r lin  (1 9 7 1 (a ))  and 
Kuksenko and S lu tsk e r  (1968 )) in  order to  account fo r  th e  observed  
m acroscopic s tr a in  in  specim ens (Aq = 0 ° ) ,  in  terms o f  amorphous 
s t r a in ,  where fra c tu re  i s  assumed to  be th e r e s u lt  o f  over s tr a in e d  
t i e  m o lec u le s . For specim ens w ith  X^ va lu es o f  9 0 ° , deform ation  
may have been by a r e o r ie n ta t io n  p r o c e ss . However, t h i s  was n o t the  
case s in c e  th ere  was uniform ex ten sio n  (6%) perp en d icu lar to  th e c 
d ir e c t io n  u n t i l  f r a c tu r e . A sim ple mechanism in v o lv in g  th e  s tr a in in g  
o f  amorphous m a ter ia l i s  again  su g g ested . Both models fo r  fr a c tu r e  
are fu r th er  d iscu sse d  in  Chapter 6 , when con sid er in g  th e  s tr a in  in  
amorphous r e g io n s .
Kink band form ation in  p o ly eth y len e  t e n s i l e  t e s t  specim ens has 
been stu d ied  in  d e t a i l  by Seto  and Tajima (1 9 6 6 ) , who thought th a t the  
kink boundary was th e p o in t where s l i p  in  th e  c d ir e c t io n  v a r ied  d is -  
co n tin u o u sly , and w ith in  the band la r g e  amounts o f  s l i p  occu rred . 
However, l i t t l e  work has been rep orted  on a d e ta ile d  s tr a in  a n a ly s is  
w ith in  a kink band in  o r ien ted  p o ly e th y le n e . For specim ens th a t  
e x h ib ite d  uniform deform ation w ith in  the kink band, a shear  
r e o r ie n ta t io n  process (d isc u sse d  below) occu rred , which was u n a ffe c ted  
by the presence o f  kink boundaries. This r e o r ie n ta t io n  mechanism was
in  fa c t  ap p lied  by Brown e t  a l .  (1968) in  order to  p r e d ic t  th e  band 
a n g le  in  o r ien te d  p o ly eth y len e  te r e p h th a la te . Kurokawa e t  a l .  (1967) 
rep orted  th a t above th e  redrawing tem perature o f  70°C, no c le a r  kink  
bands formed u n less  was n ea r ly  9 0 ° . This was c e r ta in ly  n ot th e
case in  t h i s  work, s in c e  kink bands s t i l l  formed in  specim ens w ith  
= 7 0 ° , a t  tem peratures o f  up to  120°C.
I t  was found th a t during deform ation a t 22°C o f  specim ens w ith  
Aq va lu es  between 70° and 4 0 ° , th e  g r id  parameter h in creased  by 
about 10% a f t e r  a shear s tr a in  o f  3 , c o n s is te n t  w ith  th a t  p red ic ted  
by th e shear r e o r ie n ta t io n  model w ith  0 = 0 .0 1 °  . By p lo t t in g  the  
param eters h and a a g a in s t  shear s tr a in  i t  was, th e r e fo r e , p o ss ­
ib le  to  compare data d ir e c t ly ,  from specim ens w ith  d if f e r e n t  va lu es
o f  X . This would n ot have been th e  case i f  t e n s i l e  s tr a in  o
£(——) had been used as th e a b sc is sa  ( s e e  Hinton and R ider (1 9 6 8 ) ) .  
o
In order to  determ ine th e  magnitude o f  th e shear r e o r ie n ta t io n  
e f f e c t  on the chain  d is t r ib u t io n ,  a sim ple d is tr ib u t io n  fu n ctio n  
a r is in g  from the a f f in e  deform ation o f  p o ly e th y len e  when co ld  drawn, 
was adopted by Hinton and R ider (1 9 6 8 ). The d is tr ib u t io n  fu n ctio n  
used was r e la te d  to  a s tr a in  e l l i p s e  in  which th e  major and minor 
sem i-axes a* and b* r e s p e c t iv e ly  were p rop o rtio n a l t o  th e  two draw 
r a t io s  o f  th e  o r ien te d  polymer in  the p lane o f  th e  s h e e t .  I f  such an 
e l l i p s e  i s  sheared by 1%, as i l lu s t r a t e d  in  Figure 4 .2 2 ,  th e  magni­
tude o f  0 i s  dependent upon the r a t io  o f  a ’ / b 1 . Thus, th e  em p ir ica l 
f i t t i n g  param eter, 0 , i s  a fu n ctio n  o f  th e  chain d is t r ib u t io n .  In 
Table 4 .4  th ere  are some c a lc u la te d  va lu es o f  0 fo r  variou s v a lu es  
o f  a r/b* , and i t  can be seen th a t i f  the a f f in e  model fo r  co ld  
drawing was c o r r e c t , a V b f = 15 ( s e e  Table 2 .1 ) ,  and th e r e fo r e  
0 = 0 .0 0 3 °  would be exp ected . In Figure 4 .9  the shear r e o r ie n ta t io n
p r e d ic tio n  w ith  0 = 0 .0 0 3 °  i s  compared with, the room tem perature 
d a ta . However, t h i s  va lu e o f  0 i s  u n sa t is fa c to r y , s in c e  a value  
o f  0 = 0 .0 1 °  (aV b* = 8) gave the b e s t  f i t ,  which was comparable 
w ith  th a t found by Hinton and R ider (1968) where 0 = 0 .0 2 °  . The 
d is tr ib u t io n  fu n ctio n  o f  c r y s t a l l in e  ch ain s a s  ob tained  from th e (002) 
r e f l e c t io n  ( s e e  Chapter 6) d o es , however, agree r e la t iv e ly  w e ll  w ith  
th e a f f in e  p r e d ic t io n . Thus, i t  appears th a t  n o n -c r y s ta ll in e  chains  
(amorphous r e g io n s)  p lay  a v i t a l  r o le  in  th e r e o r ie n ta t io n  p r o c e ss .  
Further ev idence to  in d ic a te  th e  importance o f  the amorphous fr a c t io n  
i s  d iscu sse d  in  Chapter 6 , where c r o s s lin k in g  i s  in troduced  in to  th e  
amorphous r e g io n s , and co n sid era b le  changes in  th e deform ation  
behaviour are observed .
Deformation data from specim ens w ith  low va lu es  o f  X (X < 30°)o o -
was n o t ,  however, in  agreement w ith  th e  shear r e o r ie n ta t io n  m odel.
This could  be due to  the unfavourably low shear s t r e s s  c o n d it io n s ,  
s in c e  a t  low a n g les  r e o r ie n ta t io n  would r e s u l t  in  th e  s l i p  p lane  
r o ta t in g  towards the t e n s i l e  a x is  where th e re so lv e d  shear s t r e s s  
component i s  d ecreasin g  r a p id ly . C onsequently, such r e o r ie n ta t io n  
i s  n ot favoured .
Deformation behaviour o f  specim ens a t  22°C th e r e fo r e  appears to  
some e x te n t  to  depend upon the va lu e o f  X^  , which was s im ila r ly  
found by Kurokawa and Ban (1 9 6 h ), who c a te g o r ise d  th e  t e n s i l e  
behaviour o f  annealed  p o ly eth y len e  specim ens in to  th ree  angular  
reg io n s  -  Xq > 70° , 60° > X^  > 40° , and 30° > Xq -  where
in  th e  m iddle reg ion , ex ten sio n  was d escr ib ed  as p la s t i c  flow  w ith  
ev en tu a l break , in  co n tra st to  specim ens w ith  Xq v a lu es  below  30° 
in  which s l i p - o f f  occurred .
As the t e s t  tem perature in cr ea se d , d ev ia tio n  from sim p le  shear  
a ls o  in c r e a se d . In terms o f  th e  shear r e o r ie n ta t io n  m odel, a va lue  
o f  0 = 0 .0 3 °  was req u ired , which in d ic a te d  th a t th e  d is tr ib u t io n  
fu n ctio n  was l e s s  o r ien te d  in  the c d ir e c t io n ,  and had an a ’/b '  
parameter o f  4 ,  compared w ith  8 a t 22°C ( s e e  Table 4 .4 ) .  Thus, in  
t e s t in g  specim ens a t 90°C, th ere  had been a 50% d ecrease in  the  
parameter a V b 1 . A gain, th ere  i s  co n sid era b le  d iscrep an cy  in  
a f/ b ! a t 90°C, between th e p red ic ted  shear r e o r ie n ta t io n  va lu e and 
th a t expected  u sin g  th e  a f f in e  s tr a in  e l l i p s e ,  where o n ly  a 5.5% 
co n tra ctio n  in  a ' / b 1 would be expected  ( s e e  Table 4 .3 ) .  Further 
ev idence o f  a decrease in  o r ie n ta t io n  a t 90°C was in d ic a te d  by a 
3.5% decrease in  b ir e fr in g e n c e . Work by Crawford and Kolsky (1951) 
attem pted to  p r e d ic t  th e b ir e fr in g e n c e  o f  drawn p o ly eth y len e  fo r  a 
g iven  draw r a t io ,  and i t  was shown th a t:
= Kn nmax
3 3 k cos" 1 k 3.
2 ( l - k 2 ) 2 ( l - k 2 )^2 2
(4 .1 3 )
where A i s  the measured b ir e fr in g e n c e , A the b ir e fr in g e n c e  fo r
max r_»I - 1
p e r fe c t  o r ie n ta t io n , and k th e  s tr a in  r a t io  parameter (C ■
Thus, u sin g  equation  ( 4 .1 3 ) ,  a decrease o f  3.5% in  A a t  90°C wouldn
be expected  to  be th e  r e s u l t  o f  a 20% d ecrease in  the a f f in e  s tr a in  
parameter a ’ / b 1 ( 1 5 ) ,  compared w ith  th e measured 5.5% d ecrea se . 
Although the parameter a ' / b 1 fo r  th e  s t r a in  e l l i p s e ,  ob ta in ed  from 
the shear r e o r ie n ta t io n  model and a f f in e  model d i f f e r ,  th e  tren d  w ith  
tem perature i s  a t  l e a s t  the same. D i f f i c u l t y ,  however, a r is e s  in  
tr y in g  to  ex p la in  why th ere  i s  l i t t l e  d if fe r e n c e  in  deform ation  
behaviour between specim ens t e s t e d  a t  90°C and 105°C, and a ls o  why th e  
annealed  m a ter ia l ( s e e  b e lo w ), e x h ib it s  l i t t l e  r e o r ie n ta t io n ,  even  
though th e d is o r ie n ta t io n  in troduced  due to  an n ea lin g  i s  th e  same as
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th a t  in  specim ens a t  the e le v a te d  tem peratures p r io r  to  deform ation .
In th e  case  o f  th e  l a t t e r ,  a com bination o f  tem perature and s tr a in in g  
must in flu e n c e  in  some way th e  subsequent deform ation b eh aviou r.
At h igh tem peratures (> 105°C) , and e s p e c ia l ly  low v a lu es  o f  
Xq ( 30°) , th e  fib ro u s  tex tu re  along th e specimen edge was h ig h ly
predom inant. However, on fu r th er  in sp e c tio n  o f  deformed specim ens 
w ith  la r g e r  va lu es o f  Aq , and th ose  te s te d  a t  tem peratures as low as  
50°C, sm all s e r r a tio n s  a long the edge were observed . T his probably  
in d ic a te s  th a t inhomogeneous s l i p  a t  a subm icroscopic l e v e l  has taken  
p la c e . A reason for a predominance in  th e  fib ro u s  te x tu r e  a t high  
tem peratures cou ld  be a s so c ia te d  w ith  m olecular s c is s io n  in  the over  
s tr a in e d  m a ter ia l con n ectin g  ad jacent s l i p  p la n e s , con seq u en tly  the  
e f f e c t  o f  tem perature would be to  cause a r e tr a c t io n  in  th e fra ctu red  
m a te r ia l.  Thus, th e  m a ter ia l ’p e e l s 1 back under such r e tr a c t iv e  
f o r c e s ,  as shown in  F igures 4 .1 3  and 4 .1 4 .
A nnealing depends upon many fa c to r s  such as tem perature, r a te  o f  
c o o lin g , th e medium in  which the m a ter ia l i s  annealed , and whether or  
not th e  m a ter ia l i s  co n stra in ed . Thus, when comparing r e s u l t s  w ith  
rep orted  work on annealed m a te r ia l, an n ealin g  c o n d itio n s  are o f  v i t a l  
im portance. I t  i s ,  however, g e n e r a lly  thought th a t an n ea lin g  causes  
in crea sed  c r y s t a l l i t e  p e r fe c tio n  a t the expense o f  changes w ith in  th e  
amorphous reg io n s ( s e e  G e il (1 9 6 3 )) .
The e f f e c t  o f  annealing  was in v e s t ig a te d  by comparing th e  behaviour  
o f  specimens deformed a t  22°C, or a t th e  annealing  tem perature, 
fo llo w in g  a n n ea lin g . From Figures 4 .1 9  and 4 .2 1  i t  can be seen  th a t  
th e  tem perature above which annealing  had any m easurable e f f e c t  on th e  
subsequent deform ation a t  22°C was about 70°C. This was a ls o  th e  temp -^
eratu re a t  which the on set o f  co n tra ctio n  in  th e  c d ir e c t io n  began, 
and i t  was a ls o  found th a t t h i s  e f f e c t  was independent o f  an n ealin g  
tim e (between 2-30  m in u tes), in  agreement w ith  th a t found by R ider  
(1 9 6 5 ) , and Siegmann and G e il (1 9 7 0 ). The most s ig n i f ic a n t  fea tu re  
in  th e  deform ation behaviour o f  annealed specim ens was th a t  specim ens 
t e s t e d  a t  22°C deformed in  sim ple shear (w ith in  experim ental e r r o r ) ,  
whereas specim ens deformed a t the an n ealin g  tem perature (90°C and 
105°C) showed a r e o r ie n ta t io n  e f f e c t  w ith  0 = 0 ,0 3 °  . For an 
annealing  tem perature o f  120°C, th e  specim ens deformed a t  22°C 
showed a 3.7% co n tra ctio n  in  th ic k n e s s ,  no o th er  specim ens showing 
such e f f e c t .  This compares w ith  the r e s u lt s  o f  Yamada e t  a l .  (1971)  
on annealed high d e n s ity  p o ly eth y len e  (126°C in  s i l i c o n  o i l ) ,  where 
specimen th ick n ess  decreased  by as much as 20% fo r  t e n s i l e  s t r a in s  in  
th e c d ir e c t io n  o f  about 50%.
E ffe c ts  o f  an n ealin g  o r ien te d  p o ly eth y len e  specim ens have been  
reported  by various workers ( s e e  Hay and K e ller  (1 9 6 7 ) ) ,  and i t  
appears th a t in  the course o f  a n n ea lin g , th e  o r ien te d  ch ain s would 
be exp ected  to  p r o g r e ss iv e ly  r o ta te  away from th e  c d ir e c t io n ,  
consequently  th ere  would be a decrease in  th e  degree o f  o r ie n ta t io n  
which would a f f e c t  th e  d is tr ib u t io n  fu n c tio n . Further c o n s id era tio n  
i s ,  th e r e fo r e , g iven  in  Chapter 6 to  th e morphology o f  annealed  
m a te r ia l, and a s tr u c tu r a l model i s  proposed, fo llo w in g  d is c u s s io n  o f  
experim ental r e s u l t s ,  in to  the f i b r i l l a r  nature o f  th e  m a te r ia l.
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(a )
(b)
Figure 4 .1 : Micrographs o f  a specimen (a )  be fo re  and (b) a f t e r
deform ation . The various  measurements taken  th rough­
out the  deformation are  in d ic a te d  (do t spac ing  = 0 . 2  mm).
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Figure 4 .2 :  A square deformed by sim ple sh ear.
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Figure 4 .3 :  Schem atic diagram o f  a t e s t  specimen th a t has
deformed by sim ple sh ear.
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Figure 4 .4 :  Micrograph o f  a specimen (X = 90°) which
f r a c tu re d  a f t e r  t e n s i l e  t e s t i n g .
Tensile d im
Figure 4 .5 :  A ty p ic a l  kink band formed in  a specimen
w ith X = 81° . o
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Figure 4 .6 : Expansion o f  the  kink band a f t e r  f u r th e r
defo rm ation .
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Figure 4 .7 : Results  from a specimen te s t e d  a t 2 2 ° C ,  showing
experim ental values as c i r c l e s ,  and th e  values  
according to  equation  (4.10) as the  s t r a i g h t  l in e .
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Figure 4 .8 :  T ypical v a r ia tio n  o f  5 w ith  ex ten sio n  r a t io ,  fo r
a specimen t e s te d  at 22°C.
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Figure 4 .9 :  Comparison between the p r e d ic tio n s  o f  th e sh ear
r e -o r ie n ta t io n  model w ith 0 = 0 .0 1 °  and 0 .0 0 3 °  
(continuous c u r v e s ) , and experim ental va lu es  o f  
grid  parameters a /a  and h /h  a g a in st shear  
s t r a in ,  fo r  various specim ens.
Table 4 .1 :
^ a0 h/ h.   o ( a/ax h/ho)
1 0 0 0 1 0 0 0 1-000
0-993 TOOO 0*993
0-984 1-001 0-984
0-983 T004 0-986
0-989 1014 100  2
0-983 T014 0 9 9 6
0-980 1028 1-007
0-965 1-0.30 0-993
V aria t io n  o f  g r id  a rea  r a t i o ,  ob ta ined  from a 
specimen (X = 61°) deformed up to  a shear 
s t r a i n  o f  aSout 2.4 a t  22°C.
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Figure 4 .10: Micrograph o f  a specimen (A = 0°) which
fra c tu re d  a f t e r  t e n s i l e  t e s t in g .
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Figure 4 .1 1 : T yp ical v a r ia tio n  o f  the grid  parameter h /h Q,
w ith  shear s tr a in  a t 50°C.
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Figure 4 .1 2 : Comparison between th e p r e d ic tio n s  o f  th e sh ear
r e -o r ie n ta t io n  model w ith  0 *= 0 .0 3 °  and th e  
experim ental va lu es o f  h /h  , ag a in st sh ear s t r a in  
fo r  various specim ens. °The t e s t  tem perature  
i s  shown.
Figure  4 ,13 : Micrograph i l l u s t r a t i n g  the  f ib ro u s  t e x tu re  t h a t
was observed along the  edge o f  a specimen
(X = 32°) t e s t e d  a t  105 C.o
Figure 4 .14: A s l i p - o f f  f r a c tu r e  edge o f  a specimen
(X = 32°) deformed a t  105 C. o
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Figure 4 .15 : T yp ical v a r ia tio n  o f  6 w ith  ex ten sio n  r a t io .
The t e s t  tem perature i s  shown.
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Figure 4 .16 : R esu lts from various specim ens showing how h /h Q
v a r ie s  w ith  shear s tr a in .  The shear  
r e -o r ie n ta t io n  model, w ith 6 = 0 .0 3 ° ,  i s  compared 
w ith data from specimens e x h ib it in g  normal 
behaviour, in  co n tra st to  th ose specim ens 
(X = 62° and 46°) th a t e x h ib ite d  anomalous 
befiaviour.
a/a0 h/ ho (a/^xtyi-ij
1 0 0 0 1000 1-000
0-997 1-004 1-000
0-995 1-007 1-001
0-992 1-013 1-004
0 -9 8 8 1-01 7 1-004
0-9 7 8 1-015 0  992
0-974 1-033 1-006
0-967 1-027 0-993
0-952 1-079 1-027
0-930 1-082 1-006
0-91 5 1-120 1-024
Table 4 .2 : V aria t io n  o f  g r id  area  r a t i o ,  ob ta ined  from a
specimen (A = 67°) deformed up to  a sh ea r  s t r a i n  
o f  about 2 , ° a t  90°C.
Figure 4.17: A s l i p - o f f  f r a c tu re  in a specimen ( A  -  71°)
te s t e d  a t  -10°C.
Annealing
Tem p/C
*/0Con traction 
in c direction
° /o  Increase 
in thickness
120 1 4 0 10
105 9-5 6
9 0 5*5 2
70 3*5 0
Table 4 .3 :  Changes in  specimen dim ensions due to  an n ealin g .
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Figure 4 .1 8 : R esults from a specim en, showing experim ental
values as t r ia n g le s ,  and values according to  
equation  (4 .1 0 ) as the s tr a ig h t  l in e .  The t e s t  
temperature i s  shown.
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Figure 4 .1 9 : V ariation  o f  h /h  w ith  shear s tr a in  fo r  various
annealed specim ens deformed a t 22°C.
Figui'e 4 .20: Micrograph o f  an annealed specimen e x h ib i t i n g
l o c a l i s e d  s l i p ,  during a t e n s i l e  t e s t .
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Figure 4.21: V ar ia t ion  o f  h /h  with shear  s t r a i n  fo r  specimens
annealed at  50oCoand 70°C, and then t e s t e d  a t  22 C.
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Figure 4.22: Diagram of the  s t r a i n  e l l i p s e  sheared i n to  a new
e l l i p s e ,  with angle 0 between the major axes.
6/6 4 8 15 30
e 0-03°
or*o6 0-003° 0 -0006°
Table 4 .4 : Calcu la ted  values o f  the  r e - o r i e n t a t i o n  ang le ,  6, 
f o r  various  s t r a i n  r a t i o s ,  a f t e r  a shear  o f  1%.
CHAPTER 5
S tr e s s -S tr a in  Phenomena during P re-Y ie ld  
and P o st-Y ie ld  Deformation
5 ,1  In trodu ction
A primary problem in  polymers i s  d ec id in g  what i s  meant by 
y ie ld  p o in t . I t  i s  w e ll  known th a t fo r  many polymers t e s t e d  in  
te n s io n , th e lo a d -ex ten s io n  curve shows a sharp f a l l  in  load  a f t e r  
a c e r ta in  s t r a in .  T his i n i t i a l  f a l l  in  load  i s  g e n e r a lly  a s so c ia te d  
w ith  th e form ation o f  a neck in  th e specim en, which o fte n  developes  
from a deform ation band. Y ie ld  i s ,  th e r e fo r e , co n v en ien tly  d e fin ed  
as th e  p o in t a t  which maximum load  i s  observed . In com pression  
t e s t s ,  or t e n s i l e  t e s t s  a t e le v a te d  tem peratures, a load  drop does 
not o fte n  o ccu r , and the y ie ld  p o in t i s  then d efin ed  as th e  p o in t o f  
in te r s e c t io n  o f  two tangent l in e s  on the lo a d -ex ten s io n  cu rv e , as 
shown in  Figure 5 .1 ,  However, th e  nominal s t r e s s - s t r a in  cu rve, 
e q u iv a le n t to  th e  load  ex ten sio n  curve, g iv e s  a ra th er  d is to r te d  view  
o f  the p r o p e r tie s  o f  a d u c t i le  polym er, because o f  changes in  the  
c r o s s - s e c t io n a l  area o f  the specim en, p a r t ic u la r ly  a t  la r g e  s t r a in s .
The change in  area can, th e r e fo r e , be accounted fo r  by p lo t t in g  tru e  
s tr e s s - s tS a in  cu rv es . I f  th ere  i s  a f a l l  in  tru e  s t r e s s ,  then t h i s  
might be o f  some s ig n if ic a n c e .  Work by Brown and Ward (1968) on th e  
load  drop a t th e  upper y ie ld  p o in t o f  p o ly eth y len e  te r e p h th a la te  
( is o t r o p ic  and o r ien te d ) t e s te d  in  te n s io n , com pression, and sh ea r ,  
found in  most ca ses  a drop in  tru e  s t r e s s  a t y ie ld .  C onsequently , 
th ey  in terp re ted  th e y ie ld  p o in t as having an in t r i n s ic  im portance, 
and su ggested  th a t p o s s ib ly  th e  y ie ld  drop could  be in te r p r e te d  in  
terms o f  a m olecular flow  p r o c e ss . Although a deform ation band, which
in d ic a te s  th a t co n sid erab le  p la s t i c  deform ation has taken p la c e , i s  
o fte n  re sp o n sib le  fo r  a load  drop, i t  does n ot always n e c e s s a r i ly  
form a t  maximum lo a d . S tu d ies on o r ien te d  p o ly eth y len e  tere p h th a la te  
by P arrish  and Brown (1 9 7 0 ) , found th a t  depending on th e  i n i t i a l  
o r ie n ta t io n  an gle o f  th e  specim en, y ie ld in g  a t maximum load  was th e  
r e s u lt  o f  a d if fu s e  th in n in g  o f  th e  specimen in  a reg ion  where the  
deform ation band f in a l l y  formed. Great care h a s , th e r e fo r e , t o  be 
taken b efore  tr y in g  to  a s so c ia te  any p a r t ic u la r  phenomenon w ith  a 
y ie ld  p o in t .
In th e p rev ious two ch a p ters , th e  approxim ately sim ple shear mode 
o f  deform ation fo r  o r ien te d  p o ly eth y len e  was an alysed  in  term s o f  
r e so lv e d  shear s t r e s s  and normal s t r e s s  a f t e r  load  maxima. From 
Figure M-.9 i t  i s  c e r ta in ly  apparent th a t deform ation i s  approxim ately  
sim ple shear a t  very low s tr a in s  ( a ls o  see  D arlington  and Saunders 
(1 9 7 0 ) ) ,  thus a c o r r e la t io n  between the y ie ld  s t r e s s  data and shear  
s tr a in  data could  p o s s ib ly  in d ic a te  a m olecular flow  p rocess a t  load  
maxima in  terms o f  th e  o n se t o f  p la s t i c  deform ation. I t  i s ,  
th e r e fo r e , in tended  in  t h i s  chapter to  rep ort an in v e s t ig a t io n  in to
(a ) the s ig n if ic a n c e  o f  load  maxima in  terms o f  both s t r e s s  and 
s t r a in ,  and (b ) an a n a ly s is  o f  th e deform ation reg io n s b e fo re  and 
a f t e r  load  maxima, paying s p e c ia l  a tte n t io n  to  th e  e l a s t i c  r e g io n ,  
i . e .  recovery  behaviour, o f  specim ens. F in a l ly ,  when co n sid er in g  
s t r e s s e s  in  a v i s c o e la s t i c  polymer such as p o ly e th y le n e , s t r a in  r a te  
e f f e c t s  are undoubtedly ev id en t ( s e e  Kumar (1969) and A lfr e y  ( 1 9 6 5 ) ) .  
I t  i s  n o t , however, in tended  to  in v e s t ig a te  such e f f e c t s  in  d e t a i l ,  
but on ly  to  make an allow ance fo r  th e  d if fe r e n c e s  in  sh ear s t r a in  
r a te  between d if f e r e n t  specim ens t e s t e d  a t  the same crosshead  sp eed , 
as su ggested  in  s e c t io n  3.5.*+.
5 .2  Experim ental
A ll  specim ens were t e s te d  in  th e E -type Tensometer a t  a c r o s s ­
head speed o f  0 .67  mm min” 1 . The m ajority  o f  t e s t s  were c a rr ied  out 
a t 22°C, although a few were performed a t e le v a te d  tem peratures.
The i n i t i a l  o r ie n ta t io n  angle (Aq ) fo r  specim ens was v a ried  between  
0° and 9 0 ° .  Photographs were taken o f  th e  specimen during deform­
a tio n  and th e even t in d ic a te d  on th e  lo a d -e x te n s io n  cu rve. By 
knowing th e  r a t io  o f  chart paper to  crosshead sp eed , th e  tim e a t  which 
each photograph was taken w ith  r e sp e c t to  th e  o n set o f  deform ation  
cou ld  then be deduced, and hence the shear s tr a in  ra te  c a lc u la te d .
A'll param eters used have been d efin ed  in  prev ious ch a p ters .
5 .3  R esu lts
5 ' 3 . 1  Maximum Load Point
For most specim ens te s te d  a t room tem perature, th e  lo a d -  
ex ten sio n  curve showed the fa m ilia r  i n i t i a l  r i s e  in  load  which was 
su bseq u en tly  fo llo w ed  by a load  drop. Specimens w ith  v a lu es  o f
0° showed no load  drop b efore fr a c tu r e , and s im ila r ly  fo r  specim ens 
w ith  XQ = 90° , although in  t h i s  case th ere  was a tendency fo r  th e  
load  to  l e v e l  out b efore  fra c tu re  occurred . In Figure 5 .2  various  
lo a d -ex ten s io n  curves are shown fo r  specim ens w ith in  th e angular  
range o f  t e s t in g ,  n o tin g  th a t a l l  th e  va r icu s axes are n o t t o  th e  
same s c a le .  I f ,  however, tru e s t r e s s  i s  con sid ered , then  depending  
on the value o f  Xq , a f a l l  in  tru e  s t r e s s  a f t e r  maximum lo a d  p o in t  
was n ot always e v id e n t .  In Figure 5 ,3  th e tru e  t e n s i l e  s t r e s s  a t  
load  maxima, re fe rred  to  as y ie ld  s t r e s s  (o  ) , i s  p lo t te d  a g a in s t
o r ie n ta t io n  an gle a t  y ie ld  (A^) . This p resen ta tio n  was s im ila r  to  
th a t used in  Chapter 3 when d escr ib in g  p ost y ie ld  s t r e s s  co n d itio n s  
in  the form o f  a m aster curve. I t  was found th a t fo r  specimens 
te s te d  w ith  Aq va lu es l e s s  than 55° th ere  was no drop in  tru e  te n ­
s i l e  s t r e s s  a f t e r  load  maxima, whereas specim ens w ith  g rea te r  va lu es  
o f  Aq , showed a load  drop. For exam ple, a specimen w ith  Aq = 67° 
y ie ld e d  a t  A = 5 9 . 5 °  , and a drop in  tru e t e n s i l e  s t r e s s  su bseq u en tly  
fo llo w e d . The paths taken by two ty p ic a l  specim ens are in d ic a te d  
in  F igure 5 .3  by th e  broken l i n e s ,  and th e continuous l in e  i s  a f i t  
to  th e y ie ld  s t r e s s  data u s in g  th e Coulomb c r i t e r io n ,  which was d is ­
cu ssed  in  Chapter 3 . The param eters k and ac had v a lu es  o f  0 .08
—2and 6 .4  N mm compared w ith  th o se  o f  0 .2  and 5 .5  N mm r e s p e c t iv e ly ,
found by Hinton and R ider (1 9 6 8 ) .  The va lu es  o f  k and ac a re ,
however, con sid erab ly  low er than the va lu es  found fo r  p o st y ie ld
deform ation , reported  in  Chapter 3 . I t  can a ls o  be seen  from
Figure 5 .3  th a t th e data from specim ens w ith  Aq = 90° does not f i t
w e ll  to  th e Coulomb c r i t e r io n .  This i s  perhaps not su r p r is in g
s in c e  th e  y ie ld in g  p rocess was u n lik e  th a t o f  most specim ens t e s t e d ,
s in c e  fra c tu re  ra th er  than sim ple sh ear in  th e  c d ir e c t io n  occurred
a t load  maxima. A lso , fo r  specim ens w ith A^  = 0° th e deform ation
was not sim ple shear but o f  uniform ex ten sio n  in  th e c  d ir e c t io n ,  and
although no load  drop e x is t e d ,  th e  y ie ld  p o in t was determ ined as
_2shown m  Figure 5 . 1 ,  and a value o f  150 N mm was ob ta in ed  fo r  th e  
y ie ld  s t r e s s  (n o t shown in  Figure 5 . 3 ) .
I f  a m olecular flow  p rocess a t  load  maxima i s  en v isaged  fo r  most
specim ens, then measurement o f  shear s t r a in  could  p o s s ib ly  r e v e a l a
c r i t i c a l  shear s tr a in  c r it e r io n  fo r  y ie ld .  The sh ear s t r a in  to
*
y ie ld ,  y , i s  p lo t te d  in  Figure 5 .4  fo r  various v a lu es  o f  A^  and
t e s t  tem peratures, and i t  can be seen  th a t th ere  i s  a marked 
dependence in  upon X^ . Thus, fo r  specim ens w ith Xq va lu es
o f  0° and 90° in  which th e mode o f  deform ation i s  not sim ple sh ea r ,
as d iscu ssed  in  s e c t io n  4 . 4 . 1 ,  Yy =  ^ * ^or s Pe c i mens which
kink bands formed (Aq > 70°) , the lo a d -ex ten s io n  curve had a sharp  
load  peak ( see  Figure 5 . 2 ) ,  consequently  th ere  was d i f f i c u l t y  in  
o b ta in in g  ex a ct measurements o f  because o f  th e  minimum tim e
between su c c e ss iv e  photographs (4  se c o n d s). I t  w as, however, found 
th a t  kink bands formed a f t e r  load  maxima, hence uniform measurements 
o f  y were made w ith ou t any in te r fe r e n c e  from kink band form a tio n .
y
For exam ple, a specimen w ith  = 83° t e s te d  a t  22°C had a value o f
= 0 .06  when deform ation was uniform (p o in t  A ), whereas a t p o in t B
on the lo a d -ex ten s io n  curve in  Figure 5 . 2 ,  a w e ll  d efin ed  kink band 
was observed . I t  can a lso  be seen  from Figure 5 .4  th a t tem peratures  
o f  up to  120°C had l i t t l e  e f f e c t  in  in f lu e n c in g  th e s t r a in  to  y ie ld .  
This i s  c o n s is te n t  w ith  the two d e f in it io n s  o f  y ie ld  m entioned in  
s e c t io n  5 . 1 .
The y ie ld  p o in t d efin ed  as load  maxima i s  a conven ient p o in t on 
the lo a d -ex ten s io n  curve but as can be seen  from Figure 5 .4  i s  n o t a 
c r it e r io n  fo r  th e o n set o f  m olecular flow  ( in  th e  case o f  o r ie n te d  
p o ly e th y le n e ) , s in c e  y i s  not independent o f  X . T h erefore , any
y y
attem pt to  ob ta in  a more s a t is f a c t o r y  y ie ld  c r i t e r io n  req u ir es  a 
d e ta ile d  study o f  the deform ation s tr a in s  between 0 and y^ •
5 . 3 , 2  P re-Y ield  S tr e s s -S tr a in  Behaviour
The deform ation behaviour a t  low s tr a in s  fo r  specim ens t e s t e d  a t  
22°C was i n i t i a l l y  an alysed  u sin g  r e so lv e d  shear s t r e s s  and normal 
s t r e s s .  In Figure 5 .5  th e  experim ental data  from th ree  specim ens
(Xq = 55° ,  1+7°, and 36°) i l lu s t r a t e s  the r e la t io n s h ip  between the
r eso lv e d  s t r e s s e s . I t  was found th a t a t r a n s it io n  in  th e re so lv e d
-2shear s t r e s s  (a ) occurred a t  a va lue o f  about 5 .5  (± 0 . 2 )  N mm s
in  a l l  specim ens w ith Xq va lu es between 26° and 67° t e s t e d . Beyond
t h is  t r a n s i t io n ,  deform ation cou ld  be d escr ib ed  in  terms o f  th e  flow
c r it e r io n  used in  Chapter 3 , hence th e c h a r a c te r is t ic  s t r a ig h t  l in e s
o f  th e  form: a = a -  k a , shown in  Figure 5 . 5 .  The load  maximas e n 5
( y ie ld  p o in t)  when in d ic a te d  on data p lo t s  such as i l lu s t r a t e d  in
Figure 5 . 5 ,  was found to  be p r o g r e ss iv e ly  c lo s e r  to  th e tr a n s it io n
p o in t , as XQ in crea sed  up to  a value o f  6 7° ,  where th ey  c o in c id e d .
A lte r n a t iv e ly , th e  tr a n s it io n  p o in t can be in d ic a te d  on th e  lo a d -
ex ten sio n  curve as has been done in  Figure 5 .2  ( s e e  T ) ,  where i t
appears to  be o f  no s ig n if ic a n c e  in  i t s  lo c a t io n , excep t th a t  i t
p r o g r e ss iv e ly  approaches the load  maxima. I f  th e  t r a n s it io n  p o in t
was o f  any s ig n if ic a n c e  in  terms o f  a c r i t i c a l  r e so lv e d  sh ear s t r e s s
fo r  the o n set o f  y i e ld ,  and s in c e  deform ation i s  p r in c ip a l ly  the same
fo r  a l l  specim ens (sim p le  sh e a r ) , i t  would be exp ected  th a t  a t  th e
tr a n s it io n  p o in t , shear s tr a in  would be th e same fo r  a l l  specim ens.
In Figure 5 .6 ,  v a r ia tio n  o f  shear s t r e s s  (a ) w ith  sh ear s t r a in  fo rs
th e th ree  specim ens up to  t h e ir  t r a n s it io n  p o in t s ,  shows th a t  deform­
a tio n  i s  approxim ately independent o f  Xq , and th a t th e shear s t r a in  
v a lu es  a t  the t r a n s it io n  p o in ts  are approxim ately the same.
Assuming th a t  the shear s tr a in  r a te  (y )  i s  the same fo r  a l l  
th ree specim ens, a f i t  to  the data in  Figure 5 .6  u sin g  a sim ple  
em p ir ica l r e la t io n s h ip  o f  the form:
y = a ah ( 5 . 1 )s
was made, where a and b are f i t t i n g  param eters. The continuous
curve in  Figure 5 .6  i s  a l e a s t  squares f i t  to  the data u sin g  
equation  ( 5 . 1 )  where a = 4 .8  and b = 5 .6  . I f  deform ation i s  
sim ple shear a t low s t r a in s ,  i t  fo llo w s  from equation  (4 .1 0 )  th a t:
y  = cotX -  cotX ( 5 . 2 )o
In order to  r e la t e  t h is  shear behaviour to  the data in  F igure 5 .5
o f  a a g a in st a , y  can be e lim in a ted  u sin g  eq u ation s ( 5 . 1 )  and s n
( 5 . 2 ) ,  and th e dependence o f  an w ith  X obtained  from equation  
( 3 .1 3 )  which i s :
-- a
—^  = cotX ( 5 . 3 )on
T h erefore, combining eq u ation s ( 5 . 1 ) ,  ( 5 . 2 ) ,  and ( 5 . 3 )  a r e la t io n s h ip
between a and a o f  the form: s n
a = — r r 2-----------
a a + cotX  s o
i s  o b ta in ed . Equation ( 5 . 4 )  th e r e fo r e  r e la t e s  th e  dependence o f  a 
and on ' X . In determ ining the two f i t t i n g  param eters, a and
b , on ly  data up to  the t r a n s it io n  p o in t was used as m entioned above, 
and th e  same va lu es o f  a and b in  equation  ( 5 . 4 )  g iv e  r i s e  to  th e  
th ree  broken curves in  Figure 5 . 5 ,  and agree very w e ll  w ith  th e  data  
up to  th e t r a n s it io n  p o in t .
5 . 3 . 3  S tra in  Rate E ffe c ts
In co n sid er in g  the r e la t io n s h ip  between sh ear  s t r e s s  and shear  
s tr a in  i t  i s  to  be expected  th a t th e s t r e s s  w i l l  depend t o  some e x te n t  
upon s tr a in  r a te .  McLellan (1969) developed an ex p ress io n  s im ila r  to
th a t o f  equation  ( 5 . 1 )  in  order to  p r e d ic t  the e f f e c t s  o f  s tr a in  
ra te  on the s t r e s s - s t r a in  behaviour o f  c e r ta in  m etals and com p osites. 
A sim ple s tr a in  ra te  s e n s i t iv e  e l a s t i c  component was added to  a 
p la s t i c  component s im ila r  in  form to  equation  ( 5 . 1 ) ,  where parameter 
a was s tr a in  ra te  s e n s i t iv e ,  and b a shape fa c to r  in v a r ia n t w ith  
s tr a in  r a te .  McLellan (1969) showed th a t fo r  an order o f  magnitude 
in cr ea se  in  s t r a in  r a te ,  a 30% d ecrease in  th e a param eter fo r  
epoxy r e s in s  occurred .
From th e  t e n s i l e  t e s t in g  co n d itio n s  in  which th e  crosshead  speed  
i s  c o n sta n t, i t  i s  to  be exp ected  th a t th ere  would be a change in  
shear s tr a in  r a te  due to  th e r o ta t io n  o f  th e  sh ear d ir e c t io n  during  
the t e s t .  Assuming th e deform ation i s  sim ple shear, one can combine 
equations ( 5 . 2 )  and ( 4 . 5 ) ,  a f t e r  d if f e r e n t ia t in g  w ith respect t o  tim e . 
Hence, the shear s tr a in  ra te  i s :
* — 1  d &  r _ _ v
 ^ “ I  sinX cosX dt o o
where ~  , th e  ex ten sio n  r a t e ,  would be exp ected  to  be co n sta n t  
o
and equal in  value to  th e crosshead s tr a in  r a te .  I t  can be seen  
from equation  ( 5 . 5 )  th a t the i n i t i a l  va lue o f  y would be:
Y = -------- -------------------------------------------------------------( 5 . 6 )o SL sm2X dt
Hence, the i n i t i a l  sh ear s tr a in  r a te  (y  ) i s  a fu n ctio n  o f  Xo o
Values o f  i n i t i a l  shear s tr a in  ra te  were ob tained  from measurements
o f  shear s tr a in  and tim e from various specim ens, and in  F igure 5 .7  (a )
the s tr a in /t im e  data shows th a t fo r  shear s tr a in s  o f  up t o  0 . 4 ,  
d& •■gjr (y  ) i s  co n sta n t. This was a ls o  found in  o th er  specim ens t e s t e d ,
and in  Table 5 .1  the measured va lu es o f  y are l i s t e d .  In theo
second two columns o f  Table 5 .1  th e measured and c a lc u la te d  (u s in g  
equation  ( 5 . 6 ) )  r a t io s  o f  i n i t i a l  shear s tr a in  r a te s  w ith  r e sp e c t to  
the 55° specimen are compared, and i t  can be seen  th a t th ere  i s  good 
agreem ent. I t  i s ,  th e r e fo r e , apparent th a t  th ere  i s  l i t t l e  d if fe r e n c e  
in  th e i n i t i a l  sh ear s t r a in  r a te  va lu es fo r  specim ens w ith  X^  
va lu es o f  55° ,  4 7 ° , and 36°, thus s a t is f y in g  th e  con d ition  fo r  one 
value o f  a in  equation  ( 5 . 1 )  when f i t t e d  to  th e data in  F igure 5 . 6 .
On fu rth er  in sp e c tio n  o f  equation  ( 5 . 5 )  i t  can , however, be seen
th a t fo r  la r g e  s t r a in s ,  y would be exp ected  to  d ecre a se , s in c e  X
would decrease con sid era b ly  on t e s t in g .  However, exp er im en ta lly  i t
i s  found th a t  y in c r e a se s  throughout th e t e s t ,  as can be seen  in
Figure 5 . 7 ( b ) .  Thus, a f t e r  a shear s tr a in  o f  about 2 .3  fo r  a
o *specimen w ith  X^  = 47 , y had in crea sed  by a fa c to r  o f  about 2 . 5 .
A s im ila r  in cr ea se  in  sh ear s t r a in  ra te  was found fo r  a l l  specim ens 
te s te d , and in  most cases y had in crea sed  by a fa c to r  o f  about 2
during the normal range o f  deform ation s tu d ie d . Although th e  c r o s s -
d& •head speed i s  c o n sta n t, in  fa c t  in c r e a s e s ,  consequently  y
in c r e a s e s . This can on ly  occur i f  th e  reg ion  deforming becomes
r e la t iv e ly  sm a lle r , which could  p o s s ib ly  be due to  the co n str a in in g
in flu e n c e  o f  th e  neck o f  th e  specim en .
5 . 3 . 4  Recovery Behaviour
I f  the c r i t i c a l  shear s t r e s s  t r a n s it io n  p o in t was o f  any s i g n i f ­
ic a n c e , an in v e s t ig a t io n  in to  the low s tr a in  reg ion  b efo re  t r a n s it io n  
in  terms o f  e l a s t i c  recovery behaviour, could  p o s s ib ly  d e fin e  a y ie ld  
p o in t in  terms o f  th e l im it  o f  e l a s t i c i t y .  A s e r ie s  o f  c y c l ic  t e s t s  
on specim ens in  te n s io n , w ith  various v a lu es o f  X^  were th e r e fo r e
performed a t room tem perature. Specimens were deformed by a c e r ta in  
amount o f  shear s t r a in ,  a f t e r  which th e  load  was removed fo r  an 
a rb itra r y  tim e o f  10 m in u tes, thus a llo w in g  th e  specimen to  rec o v er . 
The specimen was then deformed by a fu rth er  increm ent o f  shear s t r a in ,  
and th e same procedure as above rep ea ted . In Figure 5 .8  the path  
taken by a ty p ic a l  specimen w ith  A = 5 9 .5 °  , during a s e r ie s  o f  
such c y c l ic  t e s t s  i s  i l lu s t r a t e d .  The measurements taken w ith  
specimen under load  are in d ic a te d  by c i r c l e s ,  and when r e la x e d ,
( lo a d  removed) by t r ia n g le s .  Experim ental data was rep resen ted  in  
the way shown in  Figure 5 . 8 ,  because th e path taken by a specim en  
th a t  had undergone n o n -c y c lic  lo a d in g  would have been approxim ately  
along th e  continuous l in e  fo r  sim ple sh ea r , as shown in  Figure 4 . 7 .  
Because o f  th e  r e la t iv e ly  la r g e  error  in vo lved  in  dot measurements 
a t such low s t r a in s ,  i t  i s  th ere fo re  thought th a t th e  d if fe r e n c e  in  
deform ation behaviour between th e  two typ es o f  t e s t  i s  n o t very  
s ig n i f ic a n t .  Although i t  was im p ossib le  to  determ ine th e a c tu a l 
path taken by th e  specimen during i t s  reco v ery , i t  was p o s s ib le  to  
measure th e recovered  sh ear s t r a in ,  and in  th e  case  o f  specim ens 
deformed up to  shear s tr a in s  o f  0 . 3 ,  th e  maximum shear s t r a in  
recovered  was o f  the order o f  0 . 0 4 .  From the data in  F igure 5 .8 ,  i t  
can a ls o  be seen  th a t th e e l a s t i c  l im it  o f  r e v e r s ib i l i t y  occurs a t  a 
shear s tr a in  o f  about 0 .03  (± 0 . 0 1 ) .
I t  i s  r e a l is e d  th a t when the a p p lied  s t r e s s  i s  removed from 
specim ens, th ere i s  an in stan taneous reco v ery , fo llo w ed  by a delayed  
e l a s t i c  recovery  ( c . f .  creep ex p erim en ts). I f  th ere  i s  any 
permanent s e t  in  th e specim en, i t  could  p o s s ib ly  be a t tr ib u te d  to  
p la s t i c  f lo w . I f ,  however, th e  tim e requ ired  fo r  th e  delayed  
e l a s t i c i t y  to  decrease to  zero  i s  lo n g , then d i f f i c u l t y  a r i s e s  in
d if f e r e n t ia t in g  between permanent s e t  and delayed e l a s t i c i t y .  For 
h ig h ly  c r y s t a l l in e  p o ly eth y len e  (86%) used in  t h is  p r o je c t ,  a long  
delayed e l a s t i c  component would not be exp ected  because o f  th e sm all 
amorphous c o n te n t, consequently  i t  was assumed th a t 10 m inutes 
(3  x t e s t  tim e fo r  data in  F igure 5 . 8 ) ,  would most probably be 
s u f f i c i e n t  tim e fo r  com plete recovery  to  occu r. However, to  ensure 
th a t 10 m inutes was adequate tim e , a specimen (Xq = 55°)  was 
deformed up to  a sh ear s tr a in  o f  0 .1 1 , and th e  load  removed. Shear 
s tr a in  measurements were then taken from th e specimen a t variou s  
tim e in te r v a ls  o f  up to  500 h ou rs. I t  was found th a t  the sh ear  
s tr a in  had recovered  by 0 .025 a f te r  10 m in u tes, and on ly  0 .03  a f t e r  
500 h ou rs, confirm ing th a t w ith in  experim ental e r r o r , 10 m inutes was 
s u f f i c i e n t  tim e to  a llow  fo r  recovery .
5 . 3 . 5  P o st-T ra n sitio n  P oint S tr e s s -S tr a in  Behaviour
I t  can be seen  from Figure 5 .5  th a t a f t e r  the c r i t i c a l  sh ear  
s t r e s s  tr a n s it io n  p o in t , th ere  i s  co n sid era b le  d ev ia tio n  between data  
and equation  ( 5 . 4 ) ,  which p r e d ic ts  th e  sh ear s t r e s s  and normal s t r e s s  
b eh av iou r. However, th e  parameters a and b were ob ta in ed  from a 
l e a s t  squares f i t  o f  equation  ( 5 . 1 )  t o  data up to  th e  t r a n s it io n  p o in t .
A f i t  w as, th e r e fo r e , made to  the s t r e s s - s t r a in  data a f t e r  t r a n s i t io n ,  
and in  Figure 5 . 5 ,  equation  ( 5 . 4 )  i s  p lo t te d  (broken curves marked a) 
w ith  th e appropriate va lu es o f  a ( 4 . 8 )  and b ( 5 . 6 )  . I t  can be 
seen  th a t th ere i s  b e t te r  agreement between experim ental data and 
th eo ry , the behaviour o f  which was i n i t i a l l y  accounted fo r  in  terms 
o f  a flow  c r i t e r io n .
The q u estion  which now a r is e s  i s  th a t  i f  th e shear s t r e s s  
behaviour a f t e r  th e tr a n s it io n  p o in t i s  dependent upon th e  normal s t r e s s ,
in  th e  form exp ressed  in  equation  ( 3 . 8 )  which i s ;
as ( 5 . 7 )
then how would t h is  in f lu e n c e  the s t r e s s - s t r a in  behaviour? By 
combining eq u ation s ( 5 . 2 ) ,  ( 5 . 3 ) ,  and ( 5 . 7 )  in  order to  e lim in a te  
an , one o b ta in s th e e x p r e s s io n :
Equation ( 5 . 8 )  th e r e fo r e  ex p resses  the r e la t io n s h ip  between r e so lv e d  
sh ear s t r e s s  and sh ear s t r a in ,  assuming sim ple sh ea r , and a ls o  
assuming th a t the flow  c r it e r io n  i s  obeyed. R esolved sh ear s t r e s s -  
sh ear s tr a in  data a f t e r  load  maxima w as, in  f a c t ,  i l lu s t r a t e d  in  
Figure 3 .8  where i t  was shown th a t fo r  various specim ens, th e  va lu e o f  
X had l i t t l e  e f f e c t  in  in f lu e n c in g  such behaviour. This data i s
again shown in  Figure 5 . 9 ,  and i t  i s  compared w ith equation  ( 5 . 8 ) ,
which p r e d ic ts  an in cr ea se  in  a f o r  th e two specim ens w ith  ks
v a lu es o f  0 .22  (X = 62°) and 0 .55  (X = 4 2 .5 ° )  . Thus, i t  can be o o
seen  from Figure 5 ,9  th a t th ere  would be l i t t l e  d if fe r e n c e  in  s t r e s s -  
s tr a in  data fo r  d if f e r e n t  specim ens i f  th e  flow  c r it e r io n  was obeyed.
In th e e a r ly  s ta g e s  o f  deform ation , equation  ( 5 . 1 )  was used in  
order to  ob ta in  a f i t  to  th e  s t r e s s - s t r a in  d a ta , such th a t  th e  shear  
s t r e s s ,  normal s t r e s s  r e la t io n s h ip  could  be p r e d ic te d . A s im ila r  
power law i s  d iscu sse d  by C o t tr e l l  (1964) in  order to  d escr ib e  s t r a in  
hardening behaviour, where parameter b i s  in v e r s e ly  p ro p o rtio n a l to  
a s tr a in  hardening exponant. Superimposed on th e  data in  Figure 5 .9  
i s  a l e a s t  squares f i t  u sin g  equation  ( 5 . 1 ) ,  where a = 27 .5  and 
b = 8 . 2  (con tinuous c u r v e ) .
oc ( 5 . 8 )as 1 + ■ ■ — " cotX + Y o '
o
5 .4  D iscu ssion
The Coulomb y ie ld  c r i t e r io n  was s a t i s f a c t o r i l y  f i t t e d  to  the  
t e n s i l e  s t r e s s  d a ta . However, i t  i s  apparent from th e  sh ear s t r e s s  
and shear s tr a in  data th a t maximum load  has no in t r in s ic  s ig n if ic a n c e  
in  terms o f  o n se t o f  p la s t i c  deform ation in  th e  form o f  sim ple sh ea r . 
What i s  th ere fo re  th e  s ig n if ic a n c e  o f  maximum load  fo r  o r ien te d  p o ly ­
e th y len e  specim ens? For specim ens w ith  la r g e  va lu es  o f  Xo , 
maximum load  p o in t was w e ll  d efin ed  because specim ens necked as a 
r e s u lt  o f  k in k in g , whereas specim ens w ith  low er va lu es  o f  Xq 
produced a ra th er  i l l  d efin ed  maximum load  p o in t , beyond which th ere  
was on ly  a gradual f a l l  o f f  in  load  as th e  specim en deformed 
r e la t iv e ly  uniform ly throughout i t s  e n t ir e  le n g th . Thus, load  maxima 
i s  probably in flu en ced  in  some way by th e  p h y s ic a l neck ing o f  the  
specim en, which i s  a ttr ib u te d  to  i t s  geom etry. In F igure 5 .1 0  the  
micrographs o f  two specim ens (Xq = 56° and 83°) i l l u s t r a t e s  c le a r ly  
th e  p h y s ic a l d if fe r e n c e s  between th e  two ty p es  o f  neck . A f a l l  in  
load  a f t e r  load  maxima was exp la in ed  by V incent (1960) in  terms o f  
geom etrica l s o f te n in g , which was due to  th e  fa c t  th a t a f a l l  in  
c r o s s - s e c t io n a l  area during s tr e tc h in g  was not compensated by an 
adequate degree o f  s t r a in  hardening. I f ,  however, th ere  was a f a l l  
in  tru e  s t r e s s  a f t e r  load  maxima, ra th er  than ju s t  a f a l l  in  lo a d ,  
load  maxima might be o f  some s ig n if ic a n c e .  As shown in  F igure 5 . 3 ,  
a f a l l  in  true s t r e s s  d id  occur fo r  specim ens w ith  la rg e  a n g le s ,  and 
t h i s  was a ls o  where the tr a n s it io n  p o in t occu rred . However, fo r  most 
specim ens t e s t e d ,  a f a l l  in  tru e s t r e s s  d id  not occu r, con trary  to  
th a t  found by Brown and Ward (1 9 6 8 ) .  A lso , i f  deform ation bands had 
formed a t load  maxima fo r  a l l  specim ens, t h i s  might have been another  
fa c to r  to  in d ic a te  th a t p o s s ib ly  load  maxima was o f  some s ig n if ic a n c e
in  terms o f  a m olecular p r o c e ss , but t h i s  was not th e  c a se . I t  i s ,  
th e r e fo r e , most l i k e ly  th a t th e geometry o f  th e  neck has a f fe c te d  the  
p o s it io n  o f  load  maxima.
I f  specim en deform ation i s  r e la t iv e ly  independent o f  Xq , then  
from th e s t r e s s - s t r a in  data i t  i s  apparent th a t a c r i t i c a l  sh ear s t r e s s  
c r it e r io n  a t  the t r a n s it io n  p o in t i s  e q u iv a le n t to  a c r i t i c a l  sh ear  
s tr a in  c r i t e r io n ,  where the sh ear s t r a in  i s  o f  th e  order o f  0 .2  
(± 0 . 0 3 ) .  This value i s ,  o f  co u rse , more accep tab le  in  terms o f  th e  
o n set o f  p la s t i c  deform ation , compared w ith  a value o f  0 .9  a t  maximum 
load  fo r  a specimen w ith  Xq = 36° . D i f f i c u l t y ,  however, a r is e s  in  
d ecid in g  whether or not th e  tr a n s it io n  p o in t i s , in  fa c t  f o r t u i t o u s , 
or has some in t r in s ic  im portance. The t r a n s it io n  p o in t c e r ta in ly  
cannot be con sid ered  in  terms o f  th e  e l a s t i c  l i m i t ,  s in c e  t h i s  
occurred a t  a shear s t r a in  o f  about 0 .03  (1.3% t e n s i l e  s t r a in ,
Xq = 60°) , and as can be seen  from Figure 5 . 6 ,  con sid era b le  sim ple  
sh ear had occurred between th e  e l a s t i c  l im it  and the t r a n s it io n  
p o in t . Accurate va lu es o f  th e e l a s t i c  l im it  were d i f f i c u l t  to  d e te r ­
mine because o f  the r e la t iv e ly  la r g e  erro r  o f  measurement a t  such low  
s t r a in s ,  consequently  i t  was a ls o  im p o ssib le  to  an alyse  th e deform­
a tio n  w ith in  th e e l a s t i c  r e g io n . D arlington  and Saunders (1970) 
made a d e ta ile d  stud y  in to  creep behaviour o f  o r ien te d  low d e n s ity  
p o ly eth y len e  a t low s tr a in s  in  which deform ation was dominated by a 
s l i p  p r o c e ss , and reported  th a t fo r  t e n s i l e  s t r a in s  o f  up t o  a t  l e a s t  
2%, specim ens recovered  by 98%. T his va lu e i s  comparable w ith  th a t  
found in  t h i s  work (1.3%), although fo r  h igh  d en s ity  p o ly e th y le n e ,  
t e n s i l e  recovery  va lu es  might be exp ected  to  be even l e s s  than th o se  
fo r  low d e n s ity  p o ly e th y le n e , because o f  th e  sm a ller  amorphous 
c o n te n t. This i s ,  o f  co u rse , assuming th a t most o f  th e  recovery
behaviour i s  a ttr ib u te d  to  the r e la x in g  o f  th e  con stra in ed  amorphous 
m a ter ia l between c r y s t a l l in e  reg ion s ( s e e  Zhurkov e t  a l .  ( 1 9 6 5 ) ) .
In th e case o f  a two phase model p o stu la ted  fo r  h igh  d e n s ity  p o ly eth y ­
le n e  by Yamada e t  a l .  ( 1 9 7 1 ) ,  r e c o v e r a b il ity  was a ttr ib u te d  to  th e  
fa c t  th a t th ere  was s u f f i c i e n t  energy in  th e  amorphous reg ion  due to  
s tr a in in g ,  t o  cause recovery  o f  th e  c r y s t a l l in e  r e g io n s . This 
in d ic a te d  the presence o f  t i e  m olecules in  th e amorphous r e g io n s , which 
i s  d iscu ssed  fu r th e r  in  Chapter 6 .
I f  th e  normal s t r e s s  component i s  con sid ered  in  terms o f  i t s  
in f lu e n c e  upon th e re so lv e d  shear s t r e s s ,  then i t  must be em phasised  
th a t cwing to  th e geometry o f  the r e so lv e d  s t r e s s e s ,  a and a are
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n ot independent o f  each o th er  but r e la te d  by equation  ( 5 . 3 ) .  
C onsequently, i t  was shown in  s e c t io n  5 . 3 . 5  th a t i f  s t r a in  hardening  
was th e on ly  fa c to r  t o  cause an in crea se  in  ag , and th e  re so lv e d  
shear s t r e s s ,  shear s tr a in  data was u n a ffe c ted  by , a v a r ia t io n  o f
ag w ith could  be p red ic ted  such th a t  th e tren d  a f t e r  y ie ld  was
s im ila r  to  th a t found in  Chapter 3 , where the behaviour was an alysed  
in  terms o f  a flow  c r i t e r io n .  I t  was con v erse ly  shown th a t  by 
assuming the p o st y ie ld  s t r e s s  behaviour could  be d escr ib ed  in  terras 
o f  a flow  c r i t e r io n ,  th e  p red ic ted  sh ear s t r e s s ,  shear s t r a in  behaviour  
was s im ila r  to  th a t exp ected  o f  a m a ter ia l th a t underwent s t r a in  
hardening. The problem i s ,  th e r e fo r e , t o  d if f e r e n t ia t e  between th e  
two e f f e c t s . I t  c e r ta in ly  does appear th a t  due to  th e g eo m etr ica l 
co n d itio n s  o f  th e  re so lv e d  s t r e s s e s ,  a n a ly s is  o f  th e  data p resen ted  on 
a (as san ) p lo t  can be ra th er  am biguous. This would a ls o  c a s t  doubt 
on the s ig n if ic a n c e  o f  th e  c r i t i c a l  shear s t r e s s  t r a n s it io n  p o in t ,  
s in c e  a tu rn in g  p o in t i s  a ls o  p red ic ted  by equation  ( 5 . h ) .
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Figure 5 .1:  A ty p ic a l  lo a d -ex ten sio n  curve ob ta in ed  from a
specimen te s te d  a t an e lev a ted  tem perature, 
showing how y i e l d  p o in t i s  determ ined when th ere  
i s  no load drop.
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Figure 5 .2 : L oad-extension curves obtained  from various  
specimens te s te d  at 22°C.
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Figure 5 .3:  V ariation  o f  t e n s i l e  y i e l d  s t r e s s  with o r ie n ta t io n
angle a t y i e l d .  The continuous curve i s  a p l o t  
o f  equation  (3 .11)  with k -  0 .0 8  and = 6 .4  N mm .
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Figure 5 .4 :
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V ariation  o f  shear s t r a i n  at y i e l d  with  
o r ie n ta t io n  angle at y i e l d ,  fo r  various t e s t  
tem peratures. The broken curve in d i c a t e s  the  
general trend.
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Figure 5 .6 :  T yp ical p r e - t r a n s i t i o n  p o in t shear s t r e s s - s h e a r
s t r a i n  behaviour fo r  th ree  specim ens. The 
continuous curve i s  a f i t  to  the data using  
equation  (5 .1 )  where a = 4 .8  and b = 5 . 6 .
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Figure 5.7:  V ariation  o f  shear s t r a i n  with  tim e fo r  (a) small
s tr a in  and (b) la rg e  s t r a in  specimen deform ation . 
The broken curves in d ic a te  th e  general tren d .
' ' 0
degrees
'o
(secf*
'Ow 'o7 'o----
measured
•o oj 'O
calculated
5 5 0 0 0 1 9 1-00 1-00
4 7 0-0017 0 -8 9 0 9 4
3 5 0-0020 1-05 0 -99
2 6 0-00 23 1-21 1*1 9
Table 5 .1 :  Measured and c a lc u la te d  (using equation  ( 5 . 6 ) )
i n i t i a l  sh ear ra te s  fo r  various specim ens.
0 3
0-2
A = 59-5O
® Lo ad on 
a •• off
/ /0-1 “
0 8 0  0*85 O' 9 00-600-55 0-70 0 7 50-65
c o t  A
Figure 5 .8 :  C yc l ic  load ing and unloading o f  a specim en. The
continuous l i n e  i s  a p lo t  o f  equation  ( 5 . 2 ) ,  and 
the broken l i n e s  in d ic a te  the gen era l path taken  
during load in g .
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Figure 5.10: Micrographs o f  two specimens with
(a )  A = 56° and (b) X = 83°,  
i l l u s t r a t i n g  the  d i f f e r e n c e  between the  
types  o f  neck formed in specimens t e s t e d  
(dot spacing = 0.2 mm).
CHAPTER 6
A C orrela tion  between the M acroscopic and S tru ctu ra l 
Changes th a t occur in  O riented P o lyeth y len e  
During Deformation
6 .1  In trodu ction
When p o ly eth y len e  i s  co ld  drawn, changes occur in  th e  c r y s t a l l in e  
s tru c tu re  th a t  subsequently  in f lu e n c e  th e  mode o f  deform ation during  
redraw ing. A study o f  th e  morphology o f  o r ien ted  p o ly e th y len e  i s  
th ere fo re  u s e fu l in  order to  understand th e  m acroscopic deform ation  
b eh av iou r.
6 . 1 . 1  X-Ray D iffr a c t io n
In o r ien te d  p o ly e th y le n e ,th e  c a x is  o f  th e u n it  c e l l  i s  p a r a l l e l  
to  the draw d ir e c t io n  w h ils t  the o th er two c r y s ta l  a x e s , a and b , are 
randomly o r ien ted  normal to  th e  d ir e c t io n  o f  draw ( s e e  Aggarwal e t  a l .  
( 1 9 6 1 ) ) .  C onsequently, o r ien ted  p o ly eth y len e  has c y l in d r ic a l  
symmetry about the draw d ir e c t io n . When X-rays are p assed  through a 
specim en, r e f le c t io n s  take p lace  a t various c r y s ta llo g r a p h ic  {h k l }  
p la n e s , th a t  are in c l in e d  a t d if f e r e n t  an g les (0^) w ith  r e sp e c t  to  
th e in c id e n t beam. The X -rays su bseq u en tly  le a v e  th e  specim en a t  
a n g les o f  20^ to  th e in c id e n t beam, where 0^ s a t i s f i e s  th e  Bragg 
eq u a tio n . In Figure 6 .1  a ty p ic a l  wide angle X-ray d i f f r a c t io n  p a ttern  
obtained  from o r ien ted  p o ly eth y len e  i s  shown, where th e  s tr o n g e s t  
r e f le c t io n s  s itu a te d  a long th e equator o f  th e  p a ttern  are from (110)  
and (200)  p la n e s . Because p o ly e th y len e  has an orthohombic u n it  
c e l l ,  l in e s  normal to  e i th e r  (110) or (200)  p lan es are a t  r ig h t
-  XJ.J. -
a n g les  to  the [001] d ir e c t io n ,  i . e .  c a x i s .  P e r fe c t  alignm ent 
between th e c  a x is  o f  a l l  u n it c e l l s  and th e draw d ir e c t io n  i s ,  
however, not p o s s ib le ,  con seq u en tly  th ere  i s  a sm all angular d i s t r i ­
b u tion  in  c axes about th e draw d ir e c t io n  which r e s u l t s  in  a f i n i t e  
s i z e  o f  th e  (110) and (200) r e f l e c t io n s ,  as shown in  F igure 6 . 1 .
The mean c a x is  i s  th e r e fo r e  taken to  be perpendicu lar to  th e l in e  
jo in in g  th e two (110) r e f l e c t io n  peaks, and i s  r e fe r r e d  to  as th e c 
d ir e c t io n .
In  F igure 6 .2  a photograph o f  a ty p ic a l  low angle d if f r a c t io n  
p a ttern  ob tained  from o r ien ted  p o ly eth y len e  a t  room tem perature, shows 
two d is c r e te  r e f le c t io n s  normal to  th e m eridian o f  th e  p a ttern  
(c  d ir e c t io n ) ,  and one d if fu s e  strea k  a long the equator. The d is ta n ce  
between th e  d is c r e te  r e f l e c t io n s  i s  in te r p r e te d  as b ein g  due to  a 
p e r io d ic  spacing  a s so c ia te d  w ith a reg u la r  arrangement o f  c r y s t a l l in e  
and amorphous reg io n s a long th e draw d ir e c t io n ,  w h ils t  th e  d if fu s e  
strea k  i s  g e n e r a lly  a s so c ia te d  w ith  m icrovoids th a t have formed during  
th e co ld  drawing o f  p o ly eth y len e  ( s e e  Alexander ( 1 9 6 9 ) ) .  The la t e r a l  
e x te n t  o f  the strea k  i s  in te r p r e te d  as b ein g  in v e r se ly  p ro p o rtio n a l 
to  th e w idth o f  th e  s c a t te r in g  s tr u c tu r e  (v o id ) which has i t s  lo n g e s t  
dim ension in  th e draw d ir e c t io n  (in er id ia n ), as shown sc h e m a tic a lly  in  
Figure 6 . 3 .  The th e o r e t ic a l  b a s is  fo r  th e method used in  a n a ly s in g  
th e d if fu s e  strea k  was developed by G uin ier (1 9 5 2 ) ,  and has s in c e  been  
used s u c c e s s fu l ly  in  stud y ing  v o id s in  f ib r e s  ( s e e  A lexander ( 1 9 6 9 ) ) .
I t  i s  shown by G uinier (1952) th a t the in t e n s i t y  d is tr ib u t io n  ( I )  o f  
th e d if fu s e  r e f le c t io n  a long the x a x is  ( s e e  F igure 6 . 3 )  i s  g iv en  by 
the fo llo w in g  ex p o n en tia l r e la t io n sh ip :
I « exp -
b^ 
5X2
( 6 . 1 )
where X i s  the wavelength o f  X-rays used (1.54- A) , e the angle  
the X-rays are sc a tte r e d  through, and b the sem i-m inor a x is  o f  th e  
v o id . A p lo t  o f  l n l  a g a in s t  e2 subseq u en tly  g iv e s  a s t r a ig h t  l i n e ,
from which th e  va lu e o f  b can be c a lc u la te d . There i s  a ls o  aX
s im ila r  ex p ressio n  fo r  the in t e n s it y  d is tr ib u t io n  a long th e  y a x is ,  
from which a^ (sem i-m ajor a x is )  can be c a lc u la te d .
6*1*2 S tru ctu ra l Model
The model adopted fo r  o r ien te d  p o ly e th y len e  i s  s im ila r  to  th e  one
d escr ib ed  in  d e t a i l  by P e te r lin  (1 9 7 1 ) , where th e b a s ic  elem ent i s  the
o
long ( > 1 0  ym) and th in  (100 ^ 200 A) m ic r o f ib r i l .  In Figure
6 .4  a schem atic diagram o f  the model shows the m ic r o f ib r i ls  ex ten d in g  
in  th e  d ir e c t io n  o f  draw, each one b ein g  composed o f  o r ien te d  fo ld ed  
chain  c r y s ta l  b lock s ( la m e lla e )  connected in  the c d ir e c t io n  by many 
extended t i e  m o lec u les . I t  i s  the regu lar  c r y s ta l  b lock  sp a c in g , 
r e fe r r e d  to  as the lon g  p eriod  (L ) , th a t g iv e s  r i s e  to  th e  d is c r e te  
r e f l e c t io n s  on th e  low an g le  d if f r a c t io n  p a tte r n . In F igure 6 .4  a l l  
la m ella  su r fa ces  are shown to  be a t  r ig h t  a n g les to  th e  c d ir e c t io n ,  
however i t  i s  most l i k e l y  th a t th ere  i s , in  f a c t , a d is t r ib u t io n  in  
o r ie n ta t io n  o f  la m ella  su r fa ces  about the c d ir e c t io n , as shown in  
Figure 6 .5 ,  thus g iv in g  r i s e  to  a spread in  th e  low an gle r e f l e c t io n s  
( s e e  C orn eliussen  and P e te r lin  (1 9 6 7 )) .  A ll  m ic r o f ib r i ls  are assumed 
to  be in tercon n ected  by some i n t e r f i b r i l l a r  t i e  m o lec u le s , and i t  i s  
the space between the m ic r o f ib r ils  th a t i s  a s so c ia te d  w ith  m icro v o id s . 
The stren g th  o f  the polymer in  the draw d ir e c t io n  i s ,  th e r e fo r e ,  
dependent upon th e  m ic r o f ib r i l ,  whereas in  the tra n sv erse  d ir e c t io n  
i t  i s  p r im arily  dependent upon the i n t e r f i b r i l l a r  t i e  m o le c u le s .
-  J .X 3  -
6 .1 .3  Shear Deformation Modes
There was s u f f i c ie n t  evidence in  th e  prev ious chapters t o  in d ic a te  
th a t the m acroscopic deform ation o f  o r ien ted  p o ly e th y len e  was s l i p  in  
th e c d ir e c t io n .  C onsequently9 when a s tru c tu re  such as th e one 
i l lu s t r a t e d  in  F igure 6 .4  i s  sheared  in  th e  c d ir e c t io n , two modes o f  
s l i p  are p o s s ib le .  The f i r s t  i s  in t r a c r y s ta l l in e  or chain  s l i p ,  in  
which th e  o r ien te d  chains w ith in  each la m ella  s l id e  p ass one an oth er. 
This p rocess  r e s u l t s  in  th e la m ella  normal (n^) r o ta t in g  away from 
the c d ir e c t io n  such th a t the angle between th e  c d ir e c t io n  and th e  
newly formed la m ella  normal i s  th e  same as the shear a n g le , w , as 
i l lu s t r a t e d  in  Figure 6 .6 ( a ) .
The o th er  p o s s ib le  mode o f  s l i p  i s  f i b r i l l a r  s l i p ,  and t h i s  occurs  
when th e  m ic r o f ib r ils  s l id e  over each other, as shown in  F igure 6 .6 ( b ) ,  
but in  t h i s  case th e  la m ella  normal and c d ir e c t io n  remain p a r a l le l  
during deform ation . Thus, when m acroscopic sh ear occurs in  o r ien te d  
p o ly e th y len e  i t  cou ld  be due to  e i th e r  in tr a c r y s ta l l in e  s l i p  (y Q) , 
or f i b r i l l a r  s l i p  (yp) , or b o th . In th e case o f  th e  l a t t e r  
o ccu rr in g , th e  t o t a l  observed m acroscopic shear s tr a in  (y )  would 
th ere fo re  be:
Y = YP + Yp = cotA -  cotA ( 6 .2 )L r L O
assuming sim ple sh ea r .
In F igure 6 .7  the two modes o f  deform ation are i l l u s t r a t e d ,  
to g e th er  w ith  the appropriate changes th a t  occur in  wide and low angle  
p a tte r n s . The angle between th e  la m e lla  normal and specim en edge i s  
rep resen ted  by A^  in  Figure 6 .7 ,  thus th e  in t r a c r y s t a l l in e  shear
s tr a in  (y  ) i s  d efin ed  as fo llo w s;  c
y = tan(X -  A ) (6 i3 )c n c
6 .1 .4  O rien ta tion
In a tw o-phase model th a t  c o n s is t s  o f  c r y s t a l l in e  and amorphous 
reg io n s  such as the one adopted, no s in g le  measurement i s  adequate in  
d e sc r ib in g  the alignm ent o f  a l l  m olecular chains w ith in  th e  o r ie n te d  
polym er. From X-ray d if f r a c t io n  data, on ly  in form ation  about th e  
c r y s t a l l in e  (ordered) reg io n s  can be ob ta in ed . For exam ple, in  th e  
wide angle d if f r a c t io n  p a tte r n s ,th e  sh o rt r e f le c t io n  arcs from th e  
(110) and (200) p lan es g iv e  some in d ic a t io n  o f  the d is tr ib u t io n  o f  
m olecular chain  axes about th e c d ir e c t io n . Various peop le such as 
Kasai and Kakudo (1964) have, in  f a c t ,  measured the azim uthal w idth a t  
h a lf  maximum in t e n s i t y  (ip) o f  th e  (110) r e f le c t io n s  in  order to  
g iv e  an in d ic a tio n  o f  th e  degree o f  o r ie n ta t io n  o f  o r ie n te d  p o ly e th y le n e .  
However, i f  a c a r e fu l study o f  c a x is  o r ie n ta t io n  i s  r e q u ir e d , then  
measurement o f  th e  (002) d is tr ib u t io n  i s  n ecessa ry  because o f  a 
p o s s ib le  am biguity in  in te r p r e t in g  th e (002) d is tr ib u t io n  d ir e c t ly  
from th e (110) d is t r ib u t io n .  Low angle X-ray d if f r a c t io n  p a ttern s  
r e v e a l th e  o r ie n ta t io n  o f  the ordered la m ella e  r e g io n s , thus by knowing 
th e  angular spread o f  th e  low angle r e f l e c t io n s ,  i t  i s  p o s s ib le  to  
estim a te  the o r ie n ta t io n  o f  la m ella  su r fa ces  ( s e e  F igure 6 .5 ) .
In co n tra st to  X-ray d i f f r a c t io n ,  b ir e fr in g e n c e  depends upon 
o r ie n ta t io n  o f  both c r y s t a l l in e  and amorphous r e g io n s . S te in  and 
N orris (1956) expressed  th e  t o t a l  b ir e fr in g e n c e  o f  o r ie n te d  p o ly e th y le n e  
in  terms o f  c r y s t a l l in e ,  amorphous, and form b ir e fr in g e n c e . By u s in g  
X-ray and b ir e fr in g e n c e  d a ta , S te in  and N orris (1956) then  c a lc u la te d
the b ir e fr in g e n c e  o f  the amorphous fr a c t io n .  X-ray and b ir e fr in g e n c e  
measurements are th ere fo re  requ ired  when stud ying  o r ie n ta tio n  changes 
in  a two-phase m a te r ia l.  Other tech n iq u es can a ls o  be used fo r  
d e te c t in g  o r ie n ta t io n  changes, and th ese  are d escr ib ed  in  a review  
by S ta tto n  (1 9 6 7 ).
6 .1 .5  Irra d ia tio n
In order to  carry out fu rth er  in v e s t ig a t io n s  in to  th e two modes o f  
deform ation p o s tu la te d , i t  was thought th a t  c r o s s lin k in g  th e  m olecular  
chains might p o s s ib ly  in h ib it  one o f  the modes o f  s l i p  ( in t r a c r y s t a l l in e ) .  
Thus, p o ly eth y len e  was ir r a d ia te d  by y -ra y s a t  r e l a t iv e l y  low d o se s .
When p o ly e th y len e  i s  ir r a d ia te d  in  a vacuum, various e f f e c t s  are 
n o tic e a b le  ( s e e  C harlesby ( I 9 6 0 ) ) ,  th e  main ones b ein g: (a )  th e
e v o lu tio n  o f  hydrogen, (b ) th e  form ation o f  c -c  bonds between  
m olecu les ( c r o s s lin k in g ) ,  and (c )  the d estru c tio n  o f  c r y s t a l l i n i t y  a t  
high d o se s . For a c e r ta in  dose o f  r a d ia t io n , a t r a n s it io n  p o in t i s  
reached a t which th e p o ly eth y len e  becomes p a r t ly  in so lu b le  due to  the  
form ation o f  a th ree-d im en sion a l netw ork. This t r a n s it io n  p o in t ,  
known as the g e l  p o in t , corresponds t o  one cro ss lin k e d  u n it  p er  w eight  
average m olecu le . The r a d ia tio n  dose a t  g e l  p o in t depends upon 
fa c to r s  such as m olecular w eight o f  th e  polym er, and i t  was c a lc u la te d  
to  be about 6 M.rads from experim ental data obtained  by Dr. F ydelor  
(Royal M ilita ry  C ollege o f  S c ien ce) on h igh  d e n s ity  p o ly e th y le n e .  
In v e s t ig a t io n s  in to  the lo c a tio n  o f  c r o s s lin k s  p r io r  to  and a f t e r  g e l  
p oin t were performed in  d e t a i l  by Kawai e t  a l .  (1965) on both  bulk and 
s in g le  c r y s ta ls  o f  h igh  d en s ity  p o ly e th y le n e . The f in d in g s  were: 
b efo re  g e l  poin t, s o lu b i l i t y  was probably a s so c ia te d  w ith  ’ in e f f e c t iv e '  
c r o s s lin k s  th a t  formed in tr a -m o le c u la r ly , w h ils t  th e in s o lu b i l i t y  a f t e r
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g e l  p o in t was a ttr ib u te d  to  'e f f e c t iv e '  c r o s s lin k s  th a t  formed between  
d if f e r e n t  m o lec u le s . C onsequently , Kawai e t  a l .  (1965) concluded  
th a t th e ' in e f f e c t iv e *  c r o s s lin k s  most probably formed a cro ss  the fo ld  
o f  a m o lecu le , whereas th e  'e f f e c t iv e *  c r o s s lin k s  were between  
d if fe r e n t  la m e lla e .
6 .2  Experim ental
6 ,2 .1  Procedure
The m ajority  o f  specim ens (Xq = 60° ^ 40°) were t e s t e d  a t  22°C 
and 105°C, u sin g  th e  sm all t e n s i l e  machine p lu s h ea tin g  u n it .  A ll  
X-ray d if f r a c t io n  p a ttern s  were ob tained  from specim ens a t  room temp­
e r a tu r e , con seq u en tly  specim ens deformed a t  105°C were r a p id ly  coo led  
down to  room tem perature. A check was made on th e m acroscopic 
dim ensions and b ir e fr in g e n c e  o f  specim ens to  ensure th a t  no change 
had occurred due to  t h i s  rapid  c o o lin g . Thus, in  order t o  an a lyse  
th e deform ation behaviour o f  specim ens a t 105°C u sin g  X -ra y s, a number 
o f  specim ens w ith  id e n t ic a l  va lu es  o f  Xq were deformed up t o  variou s  
va lu es o f  shear s t r a in .
During deform ation , the e x t in c t io n  d ir e c t io n  w ith  r e sp e c t  t o  th e  
specimen edge was measured and t h is  was assumed to  c o in c id e  w ith  the  
c d ir e c t io n . A check was n ecessa ry  in  order to  v e r i fy  t h i s  assump­
t io n ,  u sin g  th e fo llo w in g  procedure. With a specimen p o s it io n e d  in  , 
fro n t o f  the c o llim a to r  o f  th e  Unicam X-ray camera, one o f  th e  c r o s s ­
w ires o f  a te le sc o p e  was r o ta ted  to  be p a r a l le l  to  th e  measured 
e x t in c t io n  d ir e c t io n .  A f in e  w ire a ttach ed  to  th e fr o n t o f  th e  f ilm  
c a s s e t t e  was then r o ta ted  so  th a t i t s  d ir e c t io n  was p a r a l l e l  t o  th e  
cr o ssw ir e . On p a ssin g  X-rays through th e  specim en, a comparison between
-  117 -
the shadow c a s t  onto the film  by th e  w ire (e x t in c t io n  d ir e c t io n )  and 
the c d ir e c t io n  was th ere fo re  made. For a l l  s ta g e s  o f  specimen 
deform ation , e x t in c t io n  and c d ir e c t io n s  co in c id ed  to  w ith in  0 .3 ° .
Using th e  normal f l a t  f ilm  technique fo r  wide angle d i f f r a c t io n ,  
w ith  th e  specimen (c  d ir e c t io n )  p erp en d icu lar to  the in c id e n t  X-ray  
beam, i t  i s  im p ossib le  to  d e te c t  th e  (002) r e f l e c t io n ,  because the  
r e c ip r o c a l l a t t i c e  p o in ts  th a t l i e  on th e  a x is  o f  r o ta t io n  cannot 
in t e r s e c t  the sphere o f  r e f l e c t io n .  C onsequently, th e  (002)  
r e f l e c t io n  was ob ta ined  by mounting th e specimen w ith  th e c d ir e c t io n
h o r iz o n ta l and perpend icu lar to  the beam, and then r o ta t in g  th e  c
d ir e c t io n  through th e  Bragg angle 0^ (3 7 .3 ° )  . The r e f l e c t io n  was
then d etec ted  on c y l in d r ic a l  f ilm , as shown sch em a tica lly  in  Figure  
6 .8 .
A s im ila r  techn ique was a p p lied  when u sin g  a d iffra c to m ete r  in  
order to  confirm  the assumption made in  s e c t io n  6 .1 .1 ,  which was th a t  
the (002) and (110) r e f le c t io n  maxima were p erp en d icu la r . A 
specimen was a lig n e d  in  th e  goniom eter w ith i t s  c d ir e c t io n  in  th e  
machine d ir e c t io n . The specimen was then t i l t e d  through th e  
appropriate Bragg a n g le , and th e  counter p laced  a t  an a n g le  o f  20^ 
w ith  resp e c t to  the in c id e n t  beam. R otation  o f  the specim en  
occurred about an a x is  normal to  the specimen su r fa c e , su b seq u en tly  
the exa ct lo c a tio n  o f  th e  r e f le c t io n  maxima w ith  r e sp e c t to  th e  c 
d ir e c t io n  (9 0 °) could  be determ ined from knowledge o f  th e  c a lib r a te d  
goniom eter and chart reco rd er . I t  was found th a t  maxima occurred
a t 90° fo r  the (002) Bragg a n g le , and 0° and 180° fo r  th e  (110)
Bragg a n g le .
-  118 -
6 .2 .2  Measurements
The main angular measurement taken from th e  wide and low angle
X-ray d if f r a c t io n  p a ttern  was th e angle between th e  la m e lla  normal
and c d ir e c t io n  (X -X ) , as shown in  Figure 6 .7 .  Error in  d e te r -n c
mining was i e s s  "than 2 ° .  A number o f  o th er  measurements
were a ls o  tak en ,b u t th e se  are d iscu sse d  in  th e appropriate s e c t io n s .
6 .3  R esu lts
6 .3 .1  Check on F ibre Symmetry
X-rays were i n i t i a l l y  passed  through an undeformed specim en
(Xo = 0°) in  th ree  orthogonal d ir e c t io n s :  x ,  y ,  and z as shown in
Figure 6 .9 .  Wide angle d if f r a c t io n  p a ttern s ob ta in ed  from p a ssin g
X-rays in  th e x and z d ir e c t io n s  were s im ila r  to  the one in  F igure
6 .1 ,  w h ils t  in  th e  y d ir e c t io n , th e  wide angle p attern  confirm ed
th a t the (110) p lan es were randomly d is tr ib u te d  about th e c  a x is
(s e e  Figure 6 .1 0 ( a ) ) .  In th e  x and z d ir e c t io n s ,  low an g le  p a ttern s
were very s im ila r  to  th e one i l lu s t r a t e d  in  Figure 6 .2 ,  where th e
o
long p eriod  (L) , c a lc u la te d  u sin g  Bragg!s law , was about 175 A 
o
(± 5 A). There w as, however, a d if fe r e n c e  in  the la t e r a l  w idth o f  
th e d is c r e te  r e f le c t io n s ^ s in c e  in  th e  low angle p a ttern  ob ta in ed  
from X-rays in  th e  z d ir e c t io n ,  th e  angle subtended by th e  
ex trem eties  o f  th e  r e f le c t io n  (2 a ) a t th e cen tre  o f  th e  d if f r a c t io n  
p attern  was H5°, whereas in  th e  x d ir e c t io n , th e  angle was about 6 5 ° ,  
in d ic a t in g  a la r g e r  la m ella  d is tr ib u t io n  about the c d ir e c t io n ,  in  
the (y z ) p la n e . A low angle p a ttern  obtained  from X -rays in  th e  
y d ir e c t io n  i s  shown in  Figure 6 .1 0 (b )  and c le a r ly  i l l u s t r a t e s  th e  
stron g  d if fu s e  s tr e a k , although th ere  i s  no ev idence fo r  any d is c r e te
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r e f l e c t i o n s . M icrodensitom eter tr a c e s  o f  th e  low angle r e f le c t io n s  
rev ea led  a sym m etrical in t e n s it y  peak about th e  m erid ian , th e  d irec-*  
t io n  o f  which was assumed to  be p a r a l le l  to  th e  d ir e c t io n  o f  th e  mean 
la m ella  norm al.
X -rays were then passed through specim ens th a t had been 
annealed a t  various tem peratures, and i t  was found th a t  as the temp­
eratu re in cr ea se d , th e  d is c r e te  r e f le c t io n s  in creased  in  in t e n s i t y
by 200% a t 105°C, and th e  long p e r io d , rev ea led  by X -rays in  th e
o . o  o
z d ir e c t io n  had in creased  up to  225 A (± 5 A). At 105 C and above
th ere  was no ev idence o f  a d if fu s e  s trea k  as rev ea led  by X-rays in  
the z d ir e c t io n , although a t 90°C th e s trea k  was s t i l l  e v id e n t .
There was some in d ic a tio n  o f  c r y s ta l  d is o r ie n ta t io n  a t 105°C, s in c e  
th ere  was an in crea se  in  the la t e r a l  width o f  th e  low angle r e f l e c ­
t io n s ,  and a ls o  an in crea se  in  th e azim uthal width (ty) o f  th e  
(110) r e f le c t io n s  ( s e e  s e c t io n  6 .3 .3 ) .  However, a t  105°C and 
above, a four p o in t p a ttern  o f  th e  type shown in  Figure 6 .1 1  was 
rev ea led  by X -rays in  th e x d ir e c t io n ,  and i t  can be seen  th a t  th e  
d if fu s e  s trea k  i s  s t i l l  p r e se n t . The fou r p o in t p attern  has been  
in terp re ted  by workers such as Hay and K e lle r  (1 9 6 7 ) , and Cowking 
e t  a l .  (1 9 6 8 ) , in  terms o f  la m ella e  t i l t ,  where th e  angle a in  
Figure 6 .1 1  rep resen ts  the in c l in a t io n  o f  th e  la m ella e  normals w ith  
r e sp e c t  to  the y a x i s .  The la m e lla  s tr u c tu r e  which g iv e s  r i s e  to  a 
four p o in t p a ttern  i s  shown sc h e m a tic a lly  in  Figure 6 .1 2 ,  where 
i s  the long  p eriod  in  th e  y d ir e c t io n . The va lu es o f  L , L , and
a were determ ined from the four p o in t p a ttern  a t 105°C, and found
O . o  o
to  be 226 A , 173 A and 42.5  r e s p e c t iv e ly .  I t  can be seen  th a t
th ere  i s  good agreement w ith th e lon g  p eriod  va lu es from both fou r
and two p o in t p a tte r n s , in d ic a t in g  th a t  the e f f e c t  o f  an n ea lin g  had
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caused a r o ta t io n  o f  th e  la m e lla  su r fa c e . However, t h i s  la m ella  
su rfa ce  r o ta t io n  d id  not s ig n i f i c a n t ly  in f lu e n c e  the c a x is  a l ig n ­
ment s in c e  from wide an gle p a tte r n s , th e  in cr ea se  in  was com­
parab le to  th a t shown in  F igure 6 .2 0 .  C onsequently, a t 105°C a 
s l ig h t  m o d ifica tio n  to  th e  f i b r i l l a r  model i s  needed ,such  th a t in  
th e  (y z )  p lane o f  th e m ic r o f ib r il  th ere  i s  d is c r e te  la m e lla  t i l t .
The main study i s  th a t  o f  changes in  o r ie n ta tio n  o f  la m ella e  
whose su rfa ce  normals l i e  in  th e (x y ) p la n e , consequently  X-rays 
were passed  in  the z d ir e c t io n  during specimen deform ation .
6*3 .2  Deformation
M acroscopic deform ation o f  o r ien te d  p o ly eth y len e  has been d i s ­
cu ssed  in  d e t a i l  in  Chapter 4 , where i t  i s  apparent th a t  th e  mode o f  
deform ation i s  approxim ately sim ple sh ea r , and con seq u en tly  obeys a 
sim ple r e la t io n s h ip  o f  th e  form exp ressed  in  equation  ( 6 .2 ) .
Changes in  the c r y s t a l l in e  s tru c tu re  o f  o r ien te d  p o ly e th y len e  during  
sh ear can be analysed  in  terms o f  chain o r ie n ta t io n , ob ta in ed  from 
wide angle d if f r a c t io n  p a tte r n s , and la m ella  o r ie n ta t io n  ob ta in ed  
from low an gle d if f r a c t io n  p a tte r n s . From th e se  o b serv a tio n s  th e  
deform ation o f  lam ella e  can be in fe r r e d  app lying  th e  sim ple f i b r i l l a r  
model shown in  F igure 6 .7 ,  Figure 6 .1 3  shows two ty p ic a l  low an gle  
p a ttern s obtained  from specim ens deformed a t 22°C (Xq = 31°) and 
105°C (Xq = 40°) up to  shear s tr a in s  o f  1 .8  and 1 r e s p e c t iv e ly ,  fro©  
which the in tr a c r y s ta l l in e  shear s tr a in s  were measured., Macro­
sc o p ic  shear s tr a in  (y )  was th e r e fo r e  compared w ith  th e  in t r a ­
c r y s t a l l in e  shear s tr a in  (y c ) , and in  Figure 6 .1 4  two p lo t s  o f  y 
a g a in st  cotX fo r  two specim ens (Xq = 40° and 51°) deformed a t
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2 2 °C ,c le a r ly  i l lu s t r a t e s  th e good f i t  between sim ple shear  
(con tinuous l i n e )  and m acroscopic d a ta . Superimposed on th e  two 
p lo ts  in  Figure 6 .1 4  are p lo ts  o f  in t r a c r y s t a l l in e  shear s tr a in  
a g a in st  cotXc , and i t  can be seen  th a t a f t e r  a shear s tr a in  o f  
about 0 .9 ,  data a s so c ia te d  w ith  m acroscopic and in tr a c r y s ta l l in e  
shear modes d e v ia te .  This d ev ia tio n  w as, in  f a c t ,  found to  occur  
in  a l l  specim ens t e s t e d  (2 9 °  > Xq > 68°) a t  a con stan t sh ear  
s tr a in  o f  about 0 .9 ,  in d ic a t in g  th e  importance o f  sh ear s tr a in  as 
a parameter in  d escr ib in g  th e  deform ation behaviour o f  a l l  specim ens. 
A ssocia ted  w ith  t h i s  d ev ia tio n  was a gradual decrease in  in t e n s i t y  o f  
up to  50% in  th e  low angle r e f l e c t io n s ,  su g g estin g  some form o f  
c r y s ta l  d is o r ie n ta t io n .  However, a t 105°C r e s u l t s  showed th a t  from 
the o n set o f  deform ation th ere  was d ev ia tio n  between m acroscopic  
and in t r a c r y s t a l l in e  shear s t r a in s ,  as shown in  Figure 6 ,1 5 . L im ited  
data ob tained  from specim ens deformed a t 120°C and 90°C showed no 
s ig n if ic a n t  d if fe r e n c e  from th e 105°C d a ta , whereas data from 
specim ens t e s t e d  a t 50°C co in c id ed  w ith  th e  22°C d a ta .
In order to  account fo r  th e d ev ia tio n  between m acroscopic  
shear s tr a in  and in t r a c r y s t a l l in e  sh ear  s t r a in ,  a second mode o f  
shear in  the c d ir e c t io n ,  r e fe rred  to  as f i b r i l l a r  s l i p ,  i s  assumed 
to  be o ccu rr in g . Assuming th e p r in c ip le  o f  su p erp o sitio n  o f  shear  
s t r a in s ,  an approximate va lu e fo r  th e  f i b r i l l a r  shear s t r a in  
component (y p ) can th ere fo re  be c a lc u la te d  u sin g  equation  ( 6 .2 ) ,  
th u s:
y_ = (cotX  -  cotX ) -  y ( 6 .4 )'F c o c
Figure 6 .1 6  shows a p lo t  o f  c a lc u la te d  f i b r i l l a r  shear s t r a in  (y p )
-  122 -
a g a in s t  observed in tr a c r y s ta l l in e  shear s tr a in  (y  ) a t  22°C and
105°C fo r  a l l  X v a lu e s ,  where i t  can be seen  th a t th e  co n tr ib u tio n  o .
o f  f i b r i l l a r  shear and in tr a c r y s ta l l in e  sh ea f components are temper­
ature s e n s i t i v e .  A lso  from Figure 6 .16  i t  can be seen  th a t  the  
o n se t o f  f i b r i l l a r  s l i p  occurs a t  low er s tr a in s  w ith  in c r e a se  in  temp­
e r a tu r e , con seq u en tly  a t  105°C th e  ’c o a r s e r 1 mode o f  s l i p  ( f i b r i l l a r )  
i s  tak in g  p la ce  a t  low s t r a in s .  Evidence fo r  t h i s  mechanism was 
d iscu sse d  in  s e c t io n  4 .5 ,  where a f ib r o u s  te x tu r e  a long th e  edge o f  
specim ens t e s te d  a t  105°C and above was h ig h ly  predom inant, and was 
a ttr ib u te d  to  p o s s ib le  s c is s io n  o f  i n t e r f i b r i l l a r  t i e  m o lec u les . 
S l ip - o f f  fr a c tu re  a ls o  occurred a t  r e l a t iv e l y  low s tr a in s  in  a few  
specim ens te s te d  a t  high and low tem peratures ( s e e  Chapter 4 ) ,  where 
p rim arily  f i b r i l l a r  s l i p  and in t r a c r y s ta l l in e  s l i p  would be occu rrin g  
r e s p e c t iv e ly .  Thus> scanning e le c tr o n  micrographs were ob ta ined  o f  
th e  s l i p - o f f  fr a c tu r e  s u r fa c e s , hoping th a t th e  su rfa ce  te x tu r e  would 
be r e p r e se n ta t iv e  o f  th e  deform ation mechanisms a t  h igh and low temp­
e r a tu r e s . In F igure 6 .1 7  th ere  are two micrographs ob tained  from 
th e fr a c tu r e  su r fa ce  o f  a specimen deformed a t  -10°C (y  = 0 .6  , 
yp = 0 ) , and a specimen deformed a t  120°C (y  = 0 .7 5  , yp = 0 .5 )  5 
where the shear s tr a in  v a lu es  were obtained  a t  the o n se t o f  s l i p - o f f .  
In the ca se  o f  th e  120°C specim en, the f i b r i l l a r  s l i p  component has 
ap p aren tly  been the o v e r -r id in g  fa c to r  in  in f lu e n c in g  th e  su r fa ce  
tex tu re  o f  the fra c tu re  su rfa ce  which i s  h ig h ly  f ib r o u s , compared w ith  
the smooth fr a c tu re  su rfa ce  obtained  from the low tem perature specimen  
J th a t had undergone on ly  in tr a c r y s ta l l in e  s l i p .
6 .3 .3  O rien ta tion  Changes
The (002) p o le  d e n s ity  d is tr ib u t io n  was i n i t i a l l y  con sid ered  
in  th e  undeformed o r ien te d  p o ly e th y le n e , and in  F igure 6 .18  th ere  i s
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a ty p ic a l  (002) r e f l e c t io n  obtained  on c y l in d r ic a l  f ilm  u sin g  th e  
techn ique d escr ib ed  in  s e c t io n  6 .2 .1 .  From th e  in t e n s it y  d i s t r i ­
b ution  o f  th e  (002) r e f l e c t io n ,  th e  d e n s ity  o f  (002) p lane norm als, 
or number o f  p o le s  per u n it  s o l id  angle , can be determ ined as
a fu n ctio n  o f  the in c l in a t io n  (x )  o f  p lane normals to  the c 
d ir e c t io n ,  such th a t fo r  p e r fe c t  alignm ent a l l  p lane normals would 
be expected  to  be p a r a l le l  to  th e  c d ir e c t io n  (x  = 90°) . This 
symmetric d is tr ib u t io n  about th e c d ir e c t io n  i s  shown in  F igure  
6 .1 9 ,  from which th e azim uthal w idth a t  h a l f  maximum in t e n s i t y  was 
measured and found to  be about 6 .8 ° ,  comparable w ith th a t found fo r  
the (110) r e f l e c t io n s  d iscu sse d  below .
Modlen (1969) developed a sim ple model in  order to  c a lc u la te  
the d is tr ib u t io n  o f  f ib r e  axes a f t e r  a m atrix, which contained  f ib r e s  
th a t were i n i t i a l l y  randomly o r ien ted , had been deformed. I t  was 
shown by Modlen (1969) th a t  th e d e n s ity  o f  f ib r e  axes was
p ro p o rtio n a l to  th e cube o f  th e  len g th  o f  th e  rad iu s v e c to r  ( r )  
from th e  o r ig in  to  the su rfa ce  o f  th e  s tr a in  e l l i p s o i d ,  i . e .
_ r 3 , R
d£2 -  2 7  ( 6 , 5 )
I t  has been shown th a t t h is  i s ,  in  f a c t ,  id e n t ic a l  to  th e  Kuhn and 
Griin (1942) a f f in e  m odel.
Using the same n o ta tio n  fo r  axes as shown in  F igures 6 .9  and 
6 .3 ,  th e  equation  o f  a s tr a in  e l l ip s o id  i s :
a t \  ±  + = i  ( e . e )
b2 a2 c2
where a , b , and c are th e  appropriate major and minor sem i-axes  
o f  th e  e l l i p s o i d .  C onsidering o n ly  th e  (x y ) p la n e , and u sin g
p olar  c o -o r d in a te s , i t  can be shown th a t fo r  a s tr a in  e l l i p s e  w ith  
axes a and b:
b2 ( 6 .7 )
cos*x  + -------~
a 2/b 2
where
r  = y /s in x  = x /c o sx
I t  fo llo w s  from eq u ation s ( 6 .5 )  and (6 .7 )  th a t:
dN 
dft ( 6 .8 )
2 tt c o s2x +
a 2/b 2
In Figure 6 .19  th e  symmetric continuous curve p lo t te d  over h a l f  th e  
angular range, i s  obtained  from equation  ( 6 .8 ) ,  where a /b  = 13 .
This va lu e  i s  in  f a i r l y  good agreement w ith  th a t ob ta ined  u sin g  th e  
a f f in e  s tr a in  e l l i p s e  model d iscu sse d  in  Chapter where a /b  = 15 . 
I t  can be seen  th a t th ere  i s  good agreement between experim ental data  
and th eory  fo r  a n g le s  c lo s e  to  9 0 ° , a lthough fo r  la r g e r  a n g les  
d e v ia tio n  o c cu rs , which would be expected , s in c e  th e  d is t r ib u t io n  
fu n ctio n  used in  the model assumes th a t th ere  are always some f ib r e  
axes a t  r ig h t  a n g les  to  th e major a x is  (x  = 0 °  and 180°) . However, 
I t  must be emphasised th a t th e measured d is tr ib u t io n  i s  on ly  approxi­
mate, s in c e  errors may a r is e  a s  a r e s u l t  o f  broadening o f  th e  (002)  
r e f le c t io n  due to  in strum enta l cau ses and sample a lignm ent.
The azim uthal width a t  half-maximum in t e n s i t y  (\J/) o f  th e  
(110) r e f l e c t io n s ,  was used to  in d ic a te  th e changes in  th e  degree  
o f  o r ie n ta t io n  o f  th e c r y s t a l l in e  reg io n s during subsequent deform -
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a t io n ,  where a decrease in  i|» r ep re se n ts  an in crea se  in  th e degree  
o f  o r ie n ta t io n .  Changes in  ip are p lo t te d  a g a in s t  m acroscopic  
shear s tr a in  in  F igure 6 .2 0 ,obtained  from two specim ens (XQ * 60°) 
deformed a t  22°C and 105°C, and two fa c to r s  are ev id e n t: (a )  the
e f f e c t  o f  in c r e a s in g  tem perature from 22°C to  105°C was to  cause an 
in cr ea se  in  ip , and (b ) th e  e f f e c t  o f  shear deform ation a t  both  
22°C and 105°C was to  cause a d ecrease in  ip , th e  r a te  o f  which was 
tem perature dependent.
Assuming th a t  th e  percentage change in  ip o f  th e  (110) r e f l e c ­
t io n  i s  equal to  th e  percentage change in  the azim uthal w idth a t  
h a lf  maximum in t e n s i t y  o f  th e (002) r e f l e c t io n  (if>*) , th e  new 
va lu e  o f  th e  s tr a in  r a t io  parameter a*/b* due to  shear can be
A  mU
p red ic ted  u sin g  equation  ( 6 .8 ) .  I f  i s  th e i n i t i a l  va lu e o f  ip” ,
then i t  can be shown from equation  ( 6 .8 )  th a t:
2 V-  cos
-------------- £ ( 6 .9 )
Ip* f  ]r\ I A 2 o *o
*1 2 CO S2  “  +  T- s in 2 —a 2 l b , 2J
lb * J • 2 ^  s in *  ^
A Owhere a /b  = 13 . Hence, assuming th a t ^ d ecreases from 6 .8  to  
5° a f t e r  a shear o f  about 3 , then from equation  (6 .9 )  i t  fo llo w s  th a t  
a”/b* = 1 7 .6  . Using th e  Crawford and Kolsky (1951) model 
(eq u ation  ( 4 .1 3 ) ) ,  the change in  b ir e fr in g e n c e  (A^) can be 
p r e d ic te d , and i t  was found by u sin g  th e above data th a t  an in cr ea se  
in  An o f  about 4.8% would be ex p ected . B irefr in g en ce  measurements 
were made on specim ens deformed a t  22°C, and i t  was found th a t  th e  
maximum in crea se  in  b ir e fr in g e n c e  was about 3% a f t e r  a shear s tr a in  
o f  3 .  S ince th e c a lc u la te d  b ir e fr in g e n c e  c o n tr ib u tio n  i s  from th e  
c r y s t a l l in e  r e g io n s , and th e measured, from both c r y s t a l l in e  and
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amorphous, i t  can th ere fo re  be seen  th a t w ith in  experim enta l error  
th e d if fe r e n c e  i s  n ot very s ig n i f i c a n t ,  in d ic a t in g  th a t th e  in cr ea se  
in  b ir e fr in g e n c e  i s  a ttr ib u te d  to  an in cr ea se  in  th e  o r ie n ta t io n  o f  
the c r y s t a l l in e  r e g io n s . However, Kurokawa e t  a l .  (1966) found th a t  
th ere  was no in cr ea se  in  b ir e fr in g e n c e  w ith in  a deform ation band 
formed in  o r ien te d  p o ly e th y le n e , although no v a lu es  o f  the shear  
s tr a in  w ith in  the band were r e p o r te d .
From th e 105°C d a ta , eq u ation s ( 6 .9 )  and (4 .1 3 )  can be s im ila r ly  
used in  order to  p r e d ic t  th e  change in  b ir e fr in g e n c e  due t o  an n ea lin g . 
Hence, u sin g  the va lu es  o f  ij>*(6.8°) a t  22°C and ^ ‘( 8 .6 ° )  a t  
105°C, a decrease o f  4.5% in  An was c a lc u la te d  which w as, in  f a c t ,  
exp erim en ta lly  measured ( s e e  s e c t io n  4 .4 .3 ) ,  in d ic a t in g  th a t  th e  
decrease in  th e degree o f  o r ie n ta t io n  i s  a ttr ib u te d  to  th e  c r y s t a l ­
l in e  r e g io n s ,
6 .3 .4  Changes in  Void S ize  During Deformation
Various workers ( s e e  Hargreaves (1 9 7 0 )) have rep orted  th a t  
during th e  deform ation o f  s l i p  bands in  o r ien te d  p o ly e th y le n e , the  
bands l o s t  t h e ir  s t r e s s  w hitened o p a c ity  and became ra th er  tr a n s ­
parent . One p o s s ib le  exp lan ation  fo r  t h i s  phenomenon, i s  th a t  
c lo su re  o f  m icrovoids w ith in  the band occur owing to  th e la r g e  shear  
s t r a in .  This e f f e c t  was i n i t i a l l y  proposed by McClintock e t  a l .  
(1 9 6 6 ) , where th e  c lo su re  o f  h o le s  in  a v isco u s  body was con sid ered
in  terms o f  normal (a  ) and sh ear (o  ) s t r e s s e s .  I t  was foundn s
th a t depending on the r a t io  o f  a / a  , the vo id s e i th e r  com-n s
p le t e ly  c lo se d  (o  /a  = 0) , or in crea sed  in  e c c e n t r ic i t y  u n t i l  a n 3
s te a d y -s ta te  was a tta in e d  ( an/ as > D  • Owing to  th e  exp erim en ta l
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c o n d itio n s  o f  t e s t in g  specim ens in  t h i s  p r o je c t ,  a /a  ->-0 asn s
deform ation con tin u es (X -*■ 0) , thus gradual vo id  c lo su re  would be 
e x p ected . From the s tr u c tu r a l model d iscu ssed  in  s e c t io n  6 .1 .2 ,  i t  
can be seen  th a t  vo id  c lo su r e  would be expected  to  occur when 
f i b r i l l a r  s l i p  was ta k in g  p la c e , s in c e  the m icrovoids th a t are  
p o s it io n e d  between th e m ic r o f ib r ils  would then be su b jec ted  to  a 
shear s t r a in .  However, i t  was found by u sin g  an o p t ic a l  m icro­
densitom eter, th a t fo r  specimen deform ation o f  up to  shear s tr a in s  o f  
about 2 , between the tem peratures o f  22°C and 90°C, th ere  was no 
change in  specimen tran sparen cy , in d ic a t in g  l i t t l e  v o id  c lo su r e .
Although th e o p t ic a l  t e s t s  in d ic a te d  l i t t l e  change in  vo id  s tr u c tu r e ,
o
the d e tec ted  dim ensions o f  which would be o f  th e  order o f  2 ,5 0 0  A , 
th ere  might p o s s ib ly  be changes in  th e sm aller  vo id  d im ensions, as 
d etec ted  by u sin g  X -rays.
The d if fu s e  strea k  on th e  low an gle d if f r a c t io n  p a ttern  was 
an alysed  u sin g  the G uin ier (1952) p lo t  d iscu sse d  in  s e c t io n  6 .1 .1 .  
With referen ce  to  F igure 6 .3 ,  o n ly  th e  parameter b was c a lc u la te d ,  
s in c e  in  the y d ir e c t io n  th e d if fu s e  s trea k  was w ith in  the beam 
s to p , thus making i t  im p ossib le  to  c a lc u la te  a^ . Low an g le  
p a ttern s were obtained  from specim ens th a t had been deformed by 
various increm ents o f  shear s t r a in ,  and in  F igure 6 .2 1  th ere  are 
p lo t s  o f  l n l  a g a in s t  e2 , fo r  two specim ens deformed a t 22°C and 
90°C, where 90°C was the l im it in g  t e s t  tem perature a t  which th e  
d if fu s e  strea k  s t i l l  e x i s t e d .  I t  can be seen  from th e  p lo t s  th a t  a 
l in e a r  r e la t io n s h ip  i s  not ob ta in ed , su g g estin g  th a t th ere  i s  a d i s ­
tr ib u t io n  in  vo id  s iz e  (b^) . The l im it in g  g ra d ie n ts  a t both ends 
o f  th e curve (22°C) were measured, from which th e v a lu es  o f  bX
o o
were c a lc u la te d , and found to  vary between about 100 A to  170 A .
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I t  can a ls o  be seen  from Figure 6 .2 1  th a t  fo r  m acroscopic shear  
s tr a in s  o f  up to  1 .6  = 0 .4 5 )  a t  22°C, th ere  had been no change
in  th e d is tr ib u t io n  o f  b v a lu e s ,  im plying th a t th ere  had been no 
vo id  c lo s u r e . A lso , an in cr ea se  in  tem perature (up to  90°C) had 
n ot a lte r e d  th e a c tu a l o v e r a ll  v o id  s i z e  d is tr ib u t io n  s ig n i f i c a n t l y ,  
although i t  had caused a gradual decrease in  th e  in t e n s i t y  o f  th e  
d if fu s e  r e f l e c t io n .  I t  i s  shown by G uin ier (1952) th a t th e  in t e n s i t y  
o f  th e  s c a tte r e d  X-rays i s  a fu n ctio n  o f  th e  number o f  v o id s , and 
th e d if fe r e n c e s  in  e le c tr o n  d e n s ity  between vo id s and surrounding  
m a te r ia l. A decrease in  in t e n s i t y  a t  e le v a te d  tem peratures i s ,  
th e r e fo r e , p o s s ib ly  th e  r e s u lt  o f  a red u ction  in  vo id  d e n s ity  by 
s e le c t iv e  vo id  c lo su r e .
6*3.5  Deformation o f  S l ig h t ly  C rosslinked  O riented P o lyeth y len e
O riented p o ly eth y len e  sam ples were g iven  r a d ia tio n  doses o f
2 Mrads, 5Mrads, 8Mrads and 15 Mrads. B efore ir r a d ia t io n ,in fr a -r e d  
sp ec tra  o f  th e  o r ien te d  samples were ob ta in ed , and a t y p ic a l  spectrum  
i s  shown in  Figure 6 .2 2 ,  where the main absorption  band (1 ,4 7 5  cm"1) 
i s  a t tr ib u te d  to  C-H bending o f  CH2 groups. For fu r th er  in t e r ­
p r e ta tio n  o f  such a spectrum se e  R itc h ie  (1 9 6 5 ). When p o ly e th y len e  
i s  ir r a d ia te d , various fa c to r s  such as o x id a tio n  and u n satu ration  
(c= c) reduce the degree o f  c r o s s lin k in g  ( s e e  C harlesby ( I 9 6 0 ) ) ,  and 
although sam ples were ir r a d ia te d  in  a vacuum, th ere  was s t i l l  th e  
p o s s i b i l i t y  o f  sm all tr a c e s  o f  oxygen th a t  would r e a c t  r e a d i ly  w ith  
r a d ic a ls ,  to  form carbonyl compounds such as aldehydes ( “CH2 -CH0) 
and k eton es (-CH2 -  CO -  CH2 - )  th a t  are r e la t iv e ly  u n sta b le  a t  
high tem peratures,com pared w ith p o ly e th y le n e . Up to  8 Mrads th ere  
was no in d ic a t io n  o f  o x id a t io n . However, some o x id a tio n  appeared to
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have occurred in  the 15 Mrad specim ens, s in c e  th e  in fr a -r e d  spectrum , 
as i l lu s t r a t e d  in  Figure 6 .2 3 ,  showed an absorption  band a t  1700 cm”1 , 
which i s  a ttr ib u te d  to  carbonyl groups. A few t e s t s  were s t i l l  
ca rr ied  out on th e 15 Mrad specim ens, although i t  was r e a l is e d  th a t  
th ere  would be more degraded m olecular chains in  th e  p o ly e th y len e  
specim ens,com pared w ith  the low er dose specim ens.
A s e r ie s  o f  continuous t e s t  were i n i t i a l l y  ca rr ied  out on 
ir r a d ia te d  specim ens a t  22°C and 105°C, and th e  m acroscopic deform­
a tio n  analysed  in  a s im ila r  way to  th a t d escr ib ed  in  Chapter U. In 
a l l  ca ses  a t  room tem perature, deform ation was uniform up to  shear  
s tr a in s  o f  about 1 .5 ,  a f t e r  which th ere  was con sid era b le  non-uniform  
deform ation in  th e  form o f  lo c a l is e d  s l i p  ( c . f .  t e s t s  on annealed  
and low tem perature sp ecim en s), th a t e v e n tu a lly  r e s u lte d  in  th e  
narrow deformed reg ion  becoming tra n sp a ren t. This e f f e c t  was more 
predominant in  th e 8 and 15 Mrad specim ens, and a ty p ic a l  photo­
micrograph i l lu s t r a t in g  such a lo c a l is e d  reg ion  i s  shown in  F igure  
6.2M-, where th e  specimen (XQ = 63°) had been ir r a d ia te d  t o  a dose 
o f  8 Mrads. C onsequently, i t  was on ly  p o s s ib le  to  a n a lyse  deform­
a tio n  up to  th e o n set o f  lo c a l i s e d  s l i p ,  and in  Figure 6 .25  a p lo t  
o f  b /h Q a g a in st  y , obta ined  from specim ens w ith  Xq v a lu es  o f  
about 60°» shows how an in cr ea se  in  ir r a d ia t io n  a f f e c t s  the d e v ia t io n  
from sim ple sh e a r . Up to  5 Mrads (6  Mrads -  g e l  p o in t)  c r o s s lin k in g  
had l i t t l e  e f f e c t  on th e deform ation geom etry, and t h is  i s  in d ic a te d  
in  F igure 6 .25  by the f a c t  th a t th ere  i s  good agreement between data  
and p r e d ic tio n s  o f  th e shear r e o r ie n ta t io n  model, when f i t t e d  to  
u n irrad ia ted  room tem perature deform ation data ( s e e  Figure U .9) 
where 0 = 0 .0 1 ° .  However, fo r  d oses beyond g e l  p o in t (8  and 
15 M rads), d e v ia tio n  from sim ple sh ear was con sid erab ly  g r e a te r ,
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although th ere  vjas l i t t l e  d if fe r e n c e  between th e  8 and 15 Mrad d a ta , 
which may be a ttr ib u te d  to  th e  fa c t  th a t th e degree o f  c r o s s lin k in g  
in  th e  15 Mrad specimen was n ot s ig n i f ic a n t ly  g rea te r  than in  th e  8 
Mrad specim en, due to  o x id a tio n  in  th e  ca se  o f  th e  form er. A f i t  
to  the 8 and 15 Mrad d a ta ,u s in g  th e shear r e o r ie n ta t io n  model,was 
made, and t h is  i s  shown in  F igure 6 .25  w ith  0 = 0 .0 3 5 °  .
The e f f e c t  o f  ir r a d ia t io n  on the shear behaviour o f  specim ens 
a t  22°C, as in d ic a te d  by a p lo t  o f  h /h Q a g a in s t  y i s ,  th e r e fo r e ,  
app aren tly  independent o f  ir r a d ia t io n  up to  th e  g e l  p o in t .  T his i s  
fu r th er  in d ica te d  in  F igure 6 .2 6  fo r  data ob tained  from specim ens 
t e s te d  a t  105°C, where the continuous curve i s  a f i t  to  u n irra d ia ted  
deform ation data a t  105°C (s e e  F igure 4 .1 6 ) ,  where 6 = 0 .0 3 °  .
Above th e g e t  p o in t (8 M rads), d e v ia tio n  from sim ple shear was again  
con sid era b ly  g rea te r  than p r e -g e l p o in t specim ens, and t h i s  i s  shown 
in  Figure 6 .2 6  by the broken cu rve. In th e case o f  ir r a d ia te d  
specim ens t e s te d  a t 105°C, deform ation was uniform , u n lik e  th a t  o f  
th e room tem perature specim ens where lo c a l i s e d  s l i p  was predom inant. 
However, fo r  the 15 Mrad specim en, th e  annealing  e f f e c t  o f  t e s t in g  
a t  105°C produced a su rfa ce  t e x tu r e ,a s  shown in  Figure 6 .2 7 ,  where 
i t  appears th a t th ere  are f in e  cracks perpend icu lar to  th e  c d ir e c t io n ,  
co n seq u en tly , deform ation s tu d ie s  were not ca rr ied  out on such  
specim ens.
Specimen deform ation was a ls o  analysed  u sin g  wide and low angle  
X-ray d if f r a c t io n , in  order to  in v e s t ig a te  th e in t r a c r y s t a l l in e  and 
f i b r i l l a r  modes o f  s l i p .  I t  was thought th a t  i f  c r o s s lin k in g  had 
formed in te r m o le c u la r ly , then p o s s ib ly  in t r a c r y s t a l l in e  s l i p  would 
be in h ib ite d , con seq u en tly , f i b r i l l a r  s l i p  would occur e a r l i e r  on in
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the deform ation p r o c e ss . I n tr a c r y s ta ll in e  and f i b r i l l a r  shear  
s tr a in  va lu es  were determ ined u sin g  th e  same procedure as d escr ib ed  
in  s e c t io n  6 .3 .2 ,  but i t  was found th a t fo r  a l l  ir r a d ia t io n  d o s e s ,  
th e  in t r a c r y s t a l l in e  s l i p  component was n ot s ig n i f ic a n t ly  e f f e c t e d .
In F igure 6 .2 8 ,  a p lo t  o f  yr a g a in s t  y a t  22°C and 105°C fo rl C
8 Mrad specim ens, shows th ere  i s  good agreement w ith  data obtained  
from u n irra d ia ted  specim ens, which i s  shown in  F igure 6 .1 6 .  The 
l a s t  experim ental p o in t in  th e  22°C data in  F igure 6 .28  marked the  
o n se t o f  lo c a l i s e d  s l i p ,  as i l lu s t r a t e d  in  F igure 6 .2 4 , beyond which 
i t  was im p o ssib le  to  determ ine a c c u r a te ly  th e amount o f  in tr a ­
c r y s t a l l in e  shear w ith in  th e  r e g io n . For a l l  ir r a d ia te d  specim ens, 
i t  was in  f a c t  found th a t th e  o n se t o f  lo c a l is e d  s l i p  occurred  
during th e e a r ly  s ta g e s  o f  f i b r i l l a r  s l i p .
® D iscu ss io n
When a tw o-phase s tru c tu re  such as  th a t a sso c ia te d  w ith  o r ien te d  
p o ly e th y len e  i s  deformed in  te n s io n , deform ation can be analysed  
p rim a rily  in  terms o f  th ree  mechanisms: (a )  in t r a c r y s t a l l in e  s l i p ,
(b ) f i b r i l l a r  s l i p ,  and (c )  in t e r c r y s t a l l in e  s l i p .  The l a s t  mode 
o f  deform ation which in v o lv e s  th e  s l ip p in g  o f  ad jacent la m e lla e  h a s ,  
in  f a c t ,  been an im portant mode o f  deform ation fo r  o r ien ted  p o ly ­
e th y len e  under c e r ta in  c o n d it io n s , and i t  has been reported  by 
variou s workers such as K e ller  and Pope (1 9 7 1 ) , Yamada e t  a l .  (1 9 6 9 ) ,  
and Cowking e t  a l .  (1 9 6 8 ). However, in t e r c r y s t a l l in e  s l i p  would 
r e s u l t  in  th e  la m ella  normal and c d ir e c t io n  r o ta t in g  away from th e  
t e n s i l e  a x i s ,  thus m acroscopic deform ation would c e r ta in ly  n o t be 
sim ple shear in  th e c d ir e c t io n .  A lso , i f  one co n sid ers  th e  model
su ggested  by P e te r lin  (1 9 7 1 (a )) , in  which th ere  are r e l a t iv e l y  few
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t i e  m olecu les between m ic r o f ib r i l s ,  compared w ith  in t e r c r y s t a l l in e  
t i e  m o lecu les , then in t e r c r y s t a l l in e  s l i p  would be an unfavourable  
mode o f  sh ea r . Thus, on th e  assum ption th a t m acroscopic deform­
a tio n  can be accounted fo r  in  terms o f  s tr u c tu r a l changes ( s e e  
Kuksenko and S lu tsk er  (1 9 6 8 ) ) ,  two modes o f  s l i p  in  th e c d ir e c t io n ,  
in t r a c r y s t a l l in e  and f i b r i l l a r  s l i p ,  are p o s tu la te d .
From th e  s tr u c tu r a l a n a ly s is  performed on o r ien te d  p o ly eth y len e  
during deform ation a t  22°C, i t  i s  apparent th a t the c r i t i c a l  shear  
s t r e s s  requ ired  to  cause in tr a c r y s ta l l in e  s l i p  i s  l e s s  than th e  shear  
s t r e s s  requ ired  to  produce s l i p  between m ic r o f ib r i l s ,  s in c e  in tr a ­
c r y s t a l l in e  s l i p  was th e i n i t i a l  mode o f  sh ear . I f  t h i s  i s  the  
c a s e , then why i s  th ere  a t r a n s it io n  from in t r a c r y s t a l l in e  s l i p  to  
f i b r i l l a r  s l i p  a f t e r  shear s tr a in s  o f  about 0 .9?  The answer i s  th a t  
th e  tr a n s it io n  i s  probably a s so c ia te d  w ith  c r y s ta l  s tr a in  hardening, 
which i s  due in  part to  th e s tra in ed  in t e r c r y s t a l l in e  t i e  m o lec u les . 
Thus, assuming th a t th e t i e  m olecu les are o f  varying le n g th  and 
d is t r ib u t io n ,  th e  e f f e c t  o f  in t r a c r y s ta l l in e  s l i p  would be to  over­
s tr a in  c e r ta in  t i e  m o lec u les , w ith  th e r e s u l t  th a t f i b r i l l a r  s l i p  
would become th e  e a s ie r  s l i p  mechanism. An es tim a te  in  th e amount 
o f  Yp can be made from fra c tu re  data from specim ens w ith  X^  = 90° , 
in  which fra c tu re  occurred a t t e n s i l e  s t r a in s  o f  about 6%.
Assuming th a t th e  s tr a in  to  fr a c tu r e  i s  m ainly a ttr ib u te d  to  th e  in t e r -  
f i b r i l l a r  t i e  m o lec u les , i t  would then mean th a t on sh earin g  the  
m ic r o f ib r ils ,  on ly  shear s tr a in s  (yp) o f  about 0 .35  would be 
a tta in e d  b efore fr a c tu r e . In f a c t ,  v a lu e s  o f  1 .4  were recorded  fo r  
Yp (s e e  F igure 6 .1 6 ) ,  consequently  some mechanism i s  occu rrin g  
between the m ic r o f ib r i ls  so  as to  a llow  la rg e  shear s t r a in s  to  be 
a t ta in e d . When in t e r f i b r i l l a r  t i e  m olecu les are s tr a in e d  t o  t h e ir
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l i m i t ,a f t e r  a shear s tr a in  o f  about 0 .3 5 ,  two p o s s i b i l i t i e s  can 
occur: (a )  th ere  i s  t i e  s c is s io n  (s e e  P e te r lin  ( 1 9 7 1 (a ) ) ) ,  and
(b ) th e  in t e r f i b r i l l a r  t i e  m olecu les are p u lle d  out o f  th e  c r y s t a l l in e  
r e g io n s , con seq u en tly  th ere  i s  d is o r ie n ta t io n  o f  th e  c r y s t a l l in e  
reg io n s  because o f  th e  random nature o f  th e t i e  m o lecu les . The 
l a t t e r  id ea  agrees w e ll  w ith  X-ray r e s u l t s ,  s in c e  during f i b r i l l a r  
s l i p  th ere  was a gradual d ecrease in  in t e n s i t y  o f  the low an g le  
r e f l e c t io n s ,  in d ic a t in g  a d ecrease in  order w ith in  th e  c r y s t a l l in e  
r e g io n s . Becht (1971) was a ls o  in  favour o f  some form o f  d i s ­
in te g r a t io n  o f  th e  c r y s t a l l in e  reg io n s  o f  o r ie n te d  p o ly e th y le n e , 
although in  t h i s  ca se  p o ly eth y len e  was s tr a in e d  a long th e c 
d ir e c t io n .  However, because o f  th e  sim ple tech n iq u es used in  
a n a ly s in g  th e  deform ation , i t  i s  im p ossib le  to  say th a t  o n ly  one 
p a r t ic u la r  mechanism was in  f a c t  occu rrin g  during f i b r i l l a r  s l i p .
At e le v a te d  tem peratures, th e  im portant changes th a t  occurred  
in  specim ens p r io r  to  deform ation were shrinkage along th e  c  d ir e c ­
t io n ,  in cr ea se  in  lon g  p er io d , in cr ea se  in  in t e n s i t y  o f  low a n g le  
r e f l e c t io n s ,  and a s l i g h t  red u ctio n  in  th e  degree o f  o r ie n ta t io n .
A ll  th e se  phenomena th a t  occur on an n ealin g  o r ien ted  p o ly e th y le n e , 
are d iscu sse d  by P e te r lin  (1971) and C orn eliussen  and P e te r lin  (1 9 6 7 ) ,  
where i t  i s  apparent th a t th e  im portant e f f e c t  due t o  an n ea lin g  i s  
shrinkage o f  t i e  m o lecu les , th a t  e x e r t  stron g  moments on th e fo ld ed  
chain b lock s, w ith  th e  r e s u lt  o f  c r y s ta l  r o ta t io n .  I t  i s ,  th e r e fo r e ,  
the r e la t iv e ly  tem perature s e n s i t iv e  i n t e r f i b r i l l a r  t i e  m olecu lar  
r e g io n s , compared w ith  th e  c r y s t a l l in e  r e g io n s , th a t cou ld  account fo r  
th e  in crea sed  com pliance in  f i b r i l l a r  s l i p  a t  105°C. K e lle r  and 
Pope (1971) con sid ered  deform ation o f  o r ie n te d  low d e n s ity  p o ly ­
e th y len e  in  terms o f  m ainly in t r a c r y s t a l l in e  and in t e r c r y s t a l l in e
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s l i p ,  in  which a t  22°C ,deform ation was accounted fo r  by in tr a ­
c r y s t a l l in e  s l i p ,  but as th e t e s t  tem perature in c r e a se d , i t  was 
found th a t in t r a c r y s ta l l in e  s l i p  was com p letely  su pp ressed . This 
was n ot found in  high d e n s ity  p o ly eth y len e  used in  t h is  proj e c t , 
although th ere  was a sm aller  co n tr ib u tio n  o f  shear s tr a in  from th e  
in t r a c r y s ta l l in e  shear a t  e le v a te d  tem peratures.
During f i b r i l l a r  s l i p ,  no evidence was found to  in d ic a te  void  
c lo su r e  in  u n irrad ia ted  p o ly e th y le n e . I t  could  b e , however, th a t  
la r g er  shear s t r a in s  (y^ > 1) are requ ired  b efore th ere  i s  any 
s ig n i f ic a n t  change in  th e  void  s i z e .
The e f f e c t  o f  shear s tr a in  on the degree o f  o r ie n ta t io n  i s  
g rea ter  a t  105°C than 22°C, which i s  p o s s ib ly  due to  th e  op eration  
o f  the f i b r i l l a r  mode o f  s l i p  a t  105°C. F ib r i l la r  s l i p  would, 
however, on ly  r e s u lt  in  an in cr ea se  in  th e  degree o f  o r ie n ta t io n  i f  
th ere  was an angular d is tr ib u t io n  o f  m ic r o f ib r ils  about th e  shear  
d ir e c t io n .  Sakaoku and P e te r lin  (1967) rep orted  th a t  th e e f f e c t  o f  
an n ea lin g  o r ie n te d  p o ly eth y len e  was to  cause a r o ta t io n  in  th e  
m ic r o f ib r ils  away from th e  draw d ir e c t io n , which would r e s u lt  in  a 
d is tr ib u t io n  o f  m ic r o f ib r i l s .  The concept o f  f i b r i l l a r  s l i p  pro­
ducing an in cr ea se  in  the degree o f  o r ie n ta t io n  w ould, th e r e fo r e , be 
in  agreement w ith  th e above f in d in g s . The e f f e c t  o f  in t r a c r y s t a l l in e  
s l i p  on th e degree o f  o r ie n ta tio n  i s  a ls o  s ig n i f i c a n t ,  e s p e c ia l ly  a t  
22°C, s in c e  as i l lu s t r a t e d  in  F igure 6 .2 0 , the r a te  o f  in cr ea se  in  
the degree o f  o r ie n ta t io n  d ecreases in  th e  s t r a in  r e g io n , where th e  
in t r a c r y s ta l l in e  s l i p  component i s  ra p id ly  d ecre a sin g . By u sin g  
th e  sim ple model developed by Modlen (1969) and th e  changes in  $ 
during deform ation , th e  in crea se  in  b ir e fr in g e n c e  was s a t i s f a c t o r i l y  
accounted f o r .  I t  i s ,  however, apparent th a t during th e  redrawing
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o f  o r ien te d  p o ly e th y le n e , th e in crea se  in  b ir e fr in g e n c e  i s  on ly  
very sm a ll.
The m acroscopic deform ation behaviour o f  ir r a d ia te d  o r ien te d  
p o ly eth y len e  i l lu s t r a t e s  how s ig n if ic a n t  the amorphous fr a c t io n  i s  
in  governing the amount o f  d e v ia tio n  from sim ple sh ea r , s in c e  fo r  
only  sm all d oses o f  r a d ia t io n  above th e  g e l  p o in t , s u f f i c i e n t  d is ­
order was in troduced  in to  th e amorphous r e g io n s , in  th e  form o f  
c r o s s l in k s ,  to  cause con sid era b le  d e v ia tio n  from sim ple sh ea r .
There w as, however, l i t t l e  d if fe r e n c e  in  th e shear s tr a in  co n tr ib u ­
t io n s  (y  and y ) between ir r a d ia te d  and u n irrad ia ted  p o ly -  
O Jr
eth y len e  during deform ation , but t h i s  could  b e 'a t tr ib u te d  to  the  
f a c t  th a t 8 Mrads was in s u f f ic ie n t  r a d ia tio n  to  produce adequate 
c r o s s lin k in g ,s o  as to  a f f e c t  th e  on set o f  f i b r i l l a r  s l i p .  Specimens 
ir r a d ia te d  up to  15 Mrads were not comparable, due to  o x id a tio n  
e f f e c t s .  I t  co u ld , th e r e fo r e , be th a t .la r g e r  doses o f  r a d ia t io n  
are required  in  order to  produce s ig n i f ic a n t  changes in  the deform­
a tio n  mechanism.
One phenomenon which was common to  ir r a d ia te d  and annealed  
specim ens, in  which c r o s s lin k in g  and shrinkage had occurred in  th e  
amorphous reg io n s  r e s p e c t iv e ly ,  was lo c a l i s e d  s l i p  which occurred  
during th e e a r ly  s ta g e s  o f  f i b r i l l a r  s l i p .  I f  lo c a l i s e d  s l i p  i s  
a sso c ia te d  w ith  inhomogeneous f i b r i l l a r  s l i p ,  then t h i s  mechanism 
cou ld  be c h a r a c te r is t ic  o f  two p lan es o f  weakness between m icro­
f i b r i l s .  Thus, i f  th ere  had been inhomogeneous c r o s s lin k in g  in  the  
in t e r f i b r i l l a r  r e g io n s , which i s  p o s s ib le  because o f  th e  few in t e r ­
f i b r i l l a r  t i e  m o lecu les , then s l i p  between th e m ic r o f ib r i ls  would 
r e s u lt  in  non uniform c o n s tr a in ts  on th e  i n t e r f i b r i l l a r  t i e  m ole­
c u le s ,  consequently  le a d in g  to  inhomogeneous f i b r i l l a r  s l i p ,  as shown
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in  F igure 6 .2 4 . I f  s l i p - o f f  fr a c tu r e  a ls o  o ccu rs , which was th e  
c a s e , then t h i s  in d ic a te s  th a t  p o s s ib ly  in t e r f i b r i l l a r  t i e  s c is s io n  
i s  o ccu rr in g , but i t  was d iscu sse d  above, fo r  u n irrad ia ted  specim ens, 
th a t during f i b r i l l a r  s l i p ,  t i e  m olecu les are probably p u lled  out 
o f  th e c r y s t a l l in e  r e g io n s , thereby p reven tin g  con sid erab le  t i e  
s c i s s io n .  However, fo r  ir r a d ia te d  specim ens, the in t e r f i b r i l l a r  
t i e  m olecu les are l e s s  e a s i l y  p u lled  out o f  the c r y s t a l l in e  reg io n s  
because o f  th e  in term olecu lar  and in tram olecu lar c r o s s l in k s ,  
con seq u en tly  t i e  s c is s io n  w ith  subsequent s l i p - o f f  fra c tu re  would 
be h ig h ly  predom inant. The occurrence o f  lo c a l i s e d  s l i p  in  
annealed specim ens may be a ttr ib u te d  to  th e  f a c t  th a t an n ea lin g  
produced non-uniform  sh rin k age, to g e th er  w ith  fo ld in g  o f  th e  in t e r ­
f i b r i l l a r  t i e  m o lec u les , consequently  deforming the specim ens a t  
22°C would r e s u l t  in  non-uniform  f i b r i l l a r  s l i p .
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A t y p ic a l  wide angle X-ray d i f f r a c t i o n  p a t t e r n  
obta ined  from o r ie n te d  po lye thy lene .
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Figure 6 .2 :  A ty p i c a l  low angle X-ray d i f f r a c t i o n  p a t t e r n
obta ined  from o r ie n te d  po lye thy lene .
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Figure 6 .3 :  (a) Low angle X-ray d if f r a c t io n  p a ttern  i l l u ­
s tr a t in g  the stron g  d if fu s e  s tr e a k , and 
(b) th e  a sso c ia te d  void  stru ctu re  o f  which the  
major and minor sem i-axes are rep resen ted  by a 
and r e s p e c t iv e ly .
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Figure 6 .4 :  M ic r o f ib r illa r  model adopted fo r  o r ie n te d
p o ly e th y le n e .
c dirnr
r r ^
r t? ^ >
Figure 6 .5 :  A d is tr ib u t io n  o f  lam ella e  su rfa ces  about th e c
d ir e c t io n  which g iv e s  r i s e  to  a spread in  the low 
angle r e f l e c t io n s .
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Figure 6 .6 :  Changes in  the lam ella  su rface  fo r  sh ear in  th e  c
d ir e c t io n ,  during (a) in t r a c r y s t a l l in e  s l i p  and
(b) f i b r i l l a r  s l i p .
Figure 6 .7 : Diagram i l lu s t r a t in g  th e changes in  wide and low 
angle X-ray d if f r a c t io n  p a ttern s  when, s tr u c tu r e  
(a) deforms by (b) in t r a c r y s ta l l in e  s l i p  and
(c) f i b r i l l a r  s l i p .
Figure 6 .8 : Plan view o f  th e  experim ental arrangement used  
fo r  d e te c t in g  th e (002) r e f le c t io n .
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Figure 6 .9 :
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Diagram i l lu s t r a t in g  th e  d ir e c t io n s  o f  th e  axes 
x , y , and z w ith  resp ec t to  the specim en.
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Figure 6 .10 : Wide angle  (a) and low angle (b) X-ray d i f f r a c t i o n
p a t te rn s  revea led  by X-rays in  the  y d i r e c t io n .
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Figure 6 .11: A low angle four p o in t  p a t t e r n  ob ta ined  by p a ss in g
X-rays in  the  x d i r e c t io n  through o r ie n te d  p o ly ­
e thy lene  annealed a t  105°C.
Figure 6 .12: Schematic diagram o f  lam ellae  o r i e n ta t io n  which
would give r i s e  to  a four p o in t  p a t t e r n .
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Figure 6.13: Low angle p a t te r n s  revealed  by X-rays in  the  z 
d i r e c t io n ,  from specimens deformed a t  (a) 22°C 
(y = 1 . 8 }  and (b) 105°C (y = 1).
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Figure 6 .1 4 : Comparison between m acroscopic (y) and in tr a ­
c r y s t a l l in e  (y ) sh ear s tr a in  va lu es ob ta in ed  from 
two specimens deformed a t 22°C. The continuous  
l in e  i s  a p lo t  o f  equation  (6 .2 )  for  sim p le sh ear .
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Figure 6 .1 5 : Comparison between m acroscopic (y) and in tr a -
c r y s t a l l in e  (y J  shear s tr a in  values during the  
deform ation o f  a specimen at 105°C. The 
continuous l in e  i s  a p lo t  o f  equation  ( 6 .2 ) .
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Figure 6 .1 6 : The r e la t io n sh ip  between in t r a c r y s t a l l in e  and
f i b r i l l a r  shear s tr a in  co n tr ib u tio n s  during  
specimen deform ation, a t 22°C and 105°C.
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Figure 6 .17: Scanning e le c t ro n  micrographs o f  two s l i p - o f f
f r a c tu r e  s u r f a c e s ,  ob ta ined  from (a )  a specimen 
deformed a t  -10°C, and (b) a specimen deformed 
a t  120°C.
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Figure 6 . 1 8 :  A ty p ic a l  wide angle X-ray d i f f r a c t i o n  p a t t e r n
ob ta ined  on c y l in d r i c a l  f i lm  i l l u s t r a t i n g  the  
(002) r e f l e c t i o n .
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Figure 6 .19: D is t r ib u t io n  o f  (002) poles  p e r  u n i t  s o l id  angle
in  o r ie n te d  p o ly e th y len e .  The continuous l in e  i 
a f i t  to the  d i s t r i b u t i o n ,  us ing  equation  ( 6 . 8 ) .
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Figure 6 .2 0 : V ariation  o f  the azim uthal width at h a l f  maximum
in te n s ity  o f  the (110) r e f le c t io n  w ith m acroscopic  
shear s tr a in  a t (a) 22°C, and (b) 105°C.
H
c
Temp =22 C 
\>= 63
o y - o
•  •• 0-97
6 •• 1 6 0
Temp = 9 0 c C 
V  67  
a y=T 92
€^«10S (radians)
Figure 6 .2 1 : G uinier p lo ts  ob ta in ed  from th e low an g le  d if f u s e
strea k  fo r  a specim en deformed by variou s amounts 
o f  shear s tr a in  a t 22°C, and fo r  a specim en  
deformed a t 90°C.
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Figure 6 .2 2 : A ty p ic a l in fr a -r e d  spectrum ob ta in ed  from 
o r ien te d  p o ly e th y le n e .
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Figure 6 .2 3 : An in fr a -r e d  spectrum obtained  from o r ie n te d  p o ly ­
e th y len e  a f te r  i t  was ir r a d ia te d  up to  a dose o f  
15 Mrads.
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Figure 6 .24: A micrograph i l l u s t r a t i n g  ty p ic a l  lo c a l i s e d
s l i p  in  a deformed po lye thy lene  specimen 
th a t  was i r r a d i a t e d  up to  a dose o f  8 Mrads 
(d o t  spacing s 0 .2  mm).
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Figure 6 .2 5 : V aria tion  o f  h /h  w ith m acroscopic shear s t r a in ,
fo r  specim ens ir r a d ia te d  up to  various d oses and 
deformed a t 22°C. The continuous l in e s  are th e  
p r e d ic tio n s  o f  th e  shear r e -o r ie n ta t io n  model.
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Figure 6 .2 6 : V ariation  o f  h /h Q w ith  m acroscopic sh ear s t r a in ,
fo r  specimens ir r a d ia te d  up to  5 and 8 Mrads and 
deformed at 105°C. The continuous l in e  i s  th e  
p r e d ic tio n  o f  the shear r e -o r ie n ta t io n  model fo r  
u n irrad ia ted  p o ly e th y le n e .
Figure 6 .27 : A micrograph o f  an i r r a d i a t e d  specimen (15 Mrads)
a t  105°C i l l u s t r a t i n g  a su rface  c rack ing  phenomena.
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Figure 6 .28 : The r e l a t io n s h ip  between i n t r a c r y s t a l l i n e  and
f i b r i l l a r  sh ea r  s t r a i n  c o n tr ib u t io n s  during  the  
deform ation o f  i r r a d i a t e d  specimens a t  22°C and 
105°C.
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CHAPTER 7
Summary and S u ggestion s fo r  Further Work
The most im portant r e s u lt s  which have been p resen ted  in  t h is  
t h e s i s  are summarised as fo llo w s:
When o r ien te d  p o ly eth y len e  was t e s t e d  in  te n s io n , deform ation  
was to  a f i r s t  approxim ation sim ple shear p a r a l le l  to  th e  c d ir e c ­
t io n .  However, th ere  was in  fa c t  a gradual d ev ia tio n  from sim ple  
shear which was on ly  r e a d i ly  observab le a t la r g e  shear s t r a in s ,  
and t h is  d ev ia tio n  could  be accounted fo r  by th e  shear r e o r ie n t ­
a t io n  model su ggested  by Hinton and R ider (1 9 6 8 ). I t  was assumed 
th a t the d is tr ib u t io n  fu n ctio n  fo r  o r ien te d  p o ly eth y len e  was 
d ir e c t ly  r e la te d  to  a s tr a in  e l l i p s o i d ,  although th ere  was some 
discrepancy  in  th e s tr a in  r a t io  parameter a /b  , between th a t  
obtained  from the r e o r ie n ta t io n  model and th a t from th e  a f f in e  
model. The magnitude o f  th e r e o r ie n ta t io n  e f f e c t  depends upon 
th e  degree o f  o r ie n ta t io n  o f  th e  p o ly e th y le n e , con seq u en tly  deform­
a tio n  a t  e le v a te d  tem peratures in d ica te d  th a t th ere  was a d ecrease  
in  the degree o f  o r ie n ta t io n  o f  th e p o ly e th y le n e , although i t  d id  
n ot agree e x a c t ly  w ith  the decrease  in  o r ie n ta t io n  c a lc u la te d  from 
the decrease in  b ir e fr in g e n c e . I t  d id , however, appear th a t  th e  
amorphous m a ter ia l in  o r ien ted  p o ly eth y len e  p layed  a v i t a l  r o le  in  
in f lu e n c in g  th e d ev ia tio n  from sim ple sh ea r .
A n a ly sis  o f  th e  re so lv e d  shear s t r e s s  and normal s t r e s s  a f t e r  
y ie ld ,  rev ea led  a flow  c r it e r io n  o f  a form s im ila r  to  th e  Coulomb 
c r i t e r io n ,  th e  param eters o f  which were s e n s i t iv e  to  tem perature  
and i n i t i a l  o r ie n ta t io n  angle (Xq) . However, because o f  the
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nature o f  r e s o lv in g  both shear and normal s t r e s s e s  from th e  t e n s i l e  
s t r e s s ,  th ey  were dependent upon each o th e r , thus making i t  d i f ­
f i c u l t  in  d ec id in g  whether or not th e  normal s t r e s s  component 
a f f e c t s  the flow  s t r e s s  behaviour. R esolved shear s tr e s s -s h e a r  
s tr a in  behaviour was apparently  independent o f  Xq and e x h ib ite d  
s tr a in  hardening. C onsequently, from th e s t r e s s - s t r a in  d a ta , the  
r e la t io n s h ip  between th e re so lv e d  shear s t r e s s  and normal s t r e s s  
was p r e d ic te d , and found to  be s im ila r  in  form to  th a t exp ressed  by 
th e flow  c r i t e r io n ,  fo r  shear s t r e s s e s  g rea te r  than a c r i t i c a l  
shear s t r e s s ,  r e fe r r e d  to  as a tr a n s it io n  p o in t . I t  w as, th e r e fo r e ,  
most l i k e l y  th a t  s tr a in  hardening was th e im portant fa c to r  which 
in flu en ce d  the flow  s t r e s s  b eh aviou r, ra th er  than a decrease in  th e  
normal s t r e s s  component during deform ation , which was r e a l ly  a 
consequence o f  th e t e s t in g  geom etry.
An attem pt was made to  an alyse th e  s ig n if ic a n c e  o f  load  maxima 
in  th e lo a d -ex ten s io n  cu rve, which i s  norm ally re fe rred  to  as y ie ld  
p o in t ,  in  terms o f  the e l a s t i c  l im it  or o n set o f  p la s t i c  f lo w . I t  
w as, however, found th a t shear s tr a in  a t load  maxima was a fu n c tio n  
o f  XQ , and s in c e  sim ple shear was the primary mode o f  deform ation  
fo r  most specim ens t e s t e d ,  i t  seemed th a t a c r i t i c a l  shear s tr a in  
c r i t e r io n  fo r  y ie ld  cou ld  be ap p rop ria te . The o n set o f  p l a s t i c  flow  
w as, in  f a c t ,  found to  occur in  a l l  specim ens t e s t e d ,  a t sh ear s t r a in s  
o f  about 0 .0 3 , th e  value o f  which was much sm a ller  than th a t  found a t  
load  maxima. In a d d it io n , a t r a n s it io n  p o in t , as m entioned above, 
was found to  occur in  the reso lv e d  shear s t r e s s  and normal s t r e s s  
r e la t io n s h ip ,  beyond which th e  deform ation was an alysed  in  term s o f  
th e  flow  c r i t e r io n . S ince th e  r e so lv e d  sh ear s t r e s s - s h e a r  s t r a in  
behaviour was independent o f  XQ , th e  tr a n s it io n  p o in t which occurred
a t  a c r i t i c a l  sh ear s t r e s s ,  corresponded to  a c r i t i c a l  shear  
s t r a in ,  th e value o f  which was about 0 .2 .
S tu d ies o f  changes in  th e  morphology o f  o r ien te d  p o ly eth y len e  
during shear rev e a led  two modes o f  s l i p  p a r a l le l  to  th e  c d ir e c t io n .  
One mode occurred on a f in e  s c a le  and was re fe rred  to  as in t r a ­
c r y s t a l l in e  s l i p ,  whereas the second mode occurred on a r e l a t iv e ly  
co a rser  s c a le  and was re fe r r e d  to  as f i b r i l l a r  s l i p .  Both 
components were found to  be tem perature s e n s i t i v e .
From wide an gle X-ray d i f f r a c t io n ,  changes in  th e  degree o f  
o r ie n ta t io n  during deform ation were ob ta in ed , and by u sin g  a sim ple  
model su ggested  by Modlen (1969) in  order to  determ ine th e  d i s t r i ­
b u tion  o f  chain  a x e s , the in cr ea se  in  th e  degree o f  o r ie n ta t io n  was 
s a t i s f a c t o r i l y  accounted fo r  in  terms o f  th e  in cr ea se  in  b ir e ­
fr in g en ce  .
The fo llo w in g  su g g estio n s  are made fo r  p o s s ib le  fu r th er  work 
on deform ation o f  o r ien te d  p o ly e th y le n e : -
(a )  The deform ation o f  o r ien te d  p o ly eth y len e  appears to  
be r e la te d  to  i t s  m olecular s tru c tu re  in  so  fa r  as 
th e amorphous fr a c t io n  p lays an im portant r o le  in  
a f f e c t in g  the m acroscopic shear b ehaviour. Hot 
drawn p o ly eth y len e  compared w ith  co ld  drawn p o ly ­
e th y len e  i s  supposedly r e la t iv e ly  fr e e  o f  c r y s ta l  
d e fe c t s ,  and con ta in s  a reduced number o f  t i e  m ole­
c u le s  ( s e e  P e te r lip  (1 9 7 1 ) ) ,  con seq u en tly  i t  would 
be expected  th a t th e in crea sed  p e r fe c tio n  would 
r e s u lt  in  l e s s  d e v ia tio n  from sim ple sh e a r , and a 
d ecrease in  the s tr a in  hardening.
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(b ) I t  would be o f  in t e r e s t  to  perform a s e r ie s  o f  t e s t s  
in  order to  study th e  e f f e c t  o f  tem perature and 
s tr a in  ra te  upon th e  r e so lv e d  shear s tr e s s -s h e a r  
s tr a in  r e la t io n s h ip ,  and th e  subsequent e f f e c t  upon 
the param eters in  th e flow  c r i t e r io n .  This could  
a ls o  be ca rr ied  out on specim ens w ith  Xq = 0° , 
u sin g  a shear t e s t in g  j i g ,  w ith  <j = 0 ,
( c )  The tem perature range o f  t e s t in g  cou ld  be expanded 
e s p e c ia l ly  to  f in d  out what changes occurred in  
the deform ation when tem peratures c lo se  to  th e  m elt 
were u sed •
(d ) Further s tr u c tu r a l changes during deform ation cou ld  
p o ss ib ly  be analysed  u sin g  e le c tr o n  m icroscopy in  
th e hope o f  d e te c t in g  two types o f  s l i p  l in e s  on 
d if fe r e n t  s c a le s .  However, th ere  would be d i f ­
f i c u l t y  in  specimen p rep ara tion .
( e )  Measurement o f  changes in  v o id  s tr u c tu r e , i f  any, 
during f i b r i l l a r  s l i p  can a ls o  be made, although  
la rg e  shear s tr a in s  (>3) would be req u ired , 
n e c e s s ita t in g  an a lte r n a t iv e  t e s t in g  tech n iq u e .
( f )  I f ,  during f i b r i l l a r  s l i p ,  i n t e r f i b r i l l a r  t i e  
s c is s io n  d id  occu r , which was su ggested  e s p e c ia l ly  
in  the case o f  ir r a d ia te d  p o ly e th y le n e , then th e  
r a d ic a ls  formed might be observed under favourab le  
c o n d it io n s , u sin g  e le c tr o n  sp in  resonance.
-  159 -
ACKNOWLEDGEMENTS
I  would l i k e  to  thank -
My su p e r v iso r , Dr. T. H inton, fo r  su g g estin g  the  
programme o f  research  ca rr ied  o u t ,  and fo r  h is  
encouragement and in t e r e s t  throughout th e p a st th ree  
y ea rs .
B.P. Chemicals L td ., and th e S cience Research  
C ouncil fo r  a co -o p era tiv e  award in  pure sc ie n c e s  
(CAPS).
My in d u s tr ia l  su p e r v iso r , Dr. K. Lawrence, fo r  h is  
a s s is ta n c e  a t  B.P. Chemicals L td .,  Epsom D iv is io n .
Dr. J . G, R ider fo r  many h e lp fu l d is c u s s io n s .
Mrs. G ill ia n  Smith fo r  w r it in g  some o f  th e  computer 
programs.
A ll te c h n ic a l  s t a f f ,  e s p e c ia l ly  Mr. D. Leong and 
Mr. C. White.
Miss C aroline Bate fo r  read ing  th e  d r a ft  o f  t h i s  
t h e s i s .
Miss M. N icholson  fo r  ty p in g  t h is  t h e s i s .
REFERENCES
Aggarwal, S . L .,  T i l l e y ,  G. P . ,  and Sw eeting , 0 .  J . ,  1961,
J .  Polymer S c i . ,  5 1 , 551.
A lexander, L. E . ,  1969, X -ray D iffr a c t io n  Methods in  Polymer S c ie n c e ,  
J . W iley, New York.
A lfr e y , T . ,  1965, M echanical Behaviour o f  High Polym ers, I n te r s c ie n c e ,  
New York.
Andrews, J . M., and Ward, I .  M., 1970, J .  Mater. S c i . ,  5^ , 411 .
B ech t, J . ,  1971, App. Polymer Symp., 32 , 319.
B illm ey er , F . W., 1962, Textbook o f  Polymer S c ie n c e , J .  W iley,
New York.
Bowden, P . B . ,  and Ju k es, J .  A .,  1968, J .  M ater. S c i .  J3, 183 .
Bowden,P. B . ,  and Ju k es, J . A .,  1970, I n t .  Conf. on Y ie ld ,
D eform ation, and Fracture o f  Polym ers, Cambridge.
Bowden,P. B . ,  and Young, R. J . ,  1971, Nature Phys. S c . ,  229 , 23 .
Brown, N .s and Ward, I .  M., 1968 , J . Polymer S c . ,  A -2, (5, 607.
Brown, N ., D uckett, R . A .,  and Ward, I .  M., 1968, J .  Phys. D, JL,
1369.
C harlesby, A .,  1960, Atomic R adiation  and Polym ers, Pergamon,
Oxford.
-  161 -
C o rn eliu ssen , R .,  and P e te r l in ,  A .,  1967, Die Makromol. Chemie,
105 , 193.
C o t t r e l l ,  A . H ., 1964, The M echanical P ro p erties  o f  M atter, J .  W iley, 
New York.
Coulomb, C. A .,  1773, Mem. Math, e t  P h y s ., 7 ,  343.
Cowking, A .,  R id er, J .  G ., Hay, I ,  L . ,  and K e lle r ,  A ., 1968,
J . Mater S c . ,  3^ , 64 6 .
Crawford, Si M ., and K olsky, H ., 1951, Proc. Phys. S o c . ,  B, 6 4 , 119.
C u l l i t y ,  B. D ., 1956, Elements o f  X-ray D if fr a c t io n , A ddison-W esley, 
R eading, M assachusetts.
D arlin g ton , M. W., and Saunders, D. W., 1970, J . Phys. D, 3  ^ 535 .
G e i l ,  P . H ., 1963, Polymer S in g le  C r y s ta ls , J .  W iley, New York.
G u in ier , A .,  1952, X-ray C ry sta llo g ra p h ic  T echnology, H ilg e r  and W atts, 
London.
H argreaves, E . ,  1970, Ph.D. T h e s is , P h ysics Department, U n iv e r s ity  o f  
Surrey.
Hay, I .  L .,  and K e lle r , A .,  1967, J .  Mater. S c . ,  538.
H i l l ,  R .,  1950, The M athematical Theory o f  P l a s t i c i t y ,  O .U.P.
H inton, T .,  and R ider, J . G ., 1968, J . App. P h y s ., 39 , 4932.
H inton, T .,  1972, Unpublished d a ta .
-  162 -
J a eg er , J .  C .,  1969, E la s t i c i t y ,  F ractu re, and Flow, Methuen, London.
K asai, N ., and Kakudo, M., 1964, J . Polymer S c . ,  A, 2^ , 1955.
Kawai, T . ,  K e lle r , A .,  C harlesby, A .,  and Omerod, m. G ., 1965,
P h il ,  Mag., 1 2 , 657.
K e lle r , A .,  and R id er , J .  G ., 1966, J .  M ater. S c . ,  1., 389.
K e lle r ,  A .,  and Pope, D. P . ,  1971, J . M ater. S c . ,  £ ,  453 .
Kuhn, W., and Grun, F . ,  1942, K o l lo id z e i t s c h r i f t ,  101 , 248.
Kuksenko, V. S M and S lu tsk e r , A. I . ,  1968, Sov. Phys. S o l .  S t . ,
1 0 , 657.
Kumar, A .,  1969, App. Polymer Symp., 1 2 , 6 7 .
Kurokawa, M., and Ban, T . ,  1964, J .  App. Polymer S c . ,  8^ , 971.
Kurokawa, M., K on ish i, T . ,  and Sakano, M., 1966, S e n -i G akkaish i,
2 2 , 2 6 3 ..
— — ,
Kurokawa, M., K on ish i, T . ,  Sakano, H .9 and Kondo, M., 1967,
S en -i G akkaish i, 2£ , 9 5 .
M cClintock, F . A ., Kaplan, S. M., and B erg, C. A ., 1966 , I n t .  J .
Frac. M ech., 614 .
M cLellan, D. L .,  1969, App. Polymer Symp., 12 , 137.
Modlen, G. F . ,  1969, J .  M ater. S c . ,  _4, 283 .
-  163  -
Nadai, A ., 1950, Theory o f  Flow and Fracture o f  S o l id s ,  McGraw-Hill,
New York.
P a rr ish , M., and Brown, N .,  1970, J .  Macromol. S c . ,  B 4 (3 ), 649. 
P e t e r l in ,  A .,  1971, J .  M ater. S c . ,  J5, 490.
P e te r l in ,  A .,  1 9 7 1 (a ) , App. Polymer Symp., 32 , 303.
R id er , J .  G ., 1965, Unpublished d a ta .
R id er , J .  G ., and H argreaves, E . ,  1969, J .  Polymer S c . ,  A -2 , 7^ , 82 9 .
R it c h ie ,  P . D .,  1965 , P h ysics o f  P la s t i c s ,  I l i f f e ,  London.
R obertson, R. E . ,  and Joynson, C. W., 1968, J .  Polymer S c . ,  A -2,
£» 1673.
Sakaoku, K ., and P e te r l in ,  A ., 1967, J .  Macromol. S c . ,  B l ( l ) , 103 . 
Sakurda, I . ,  I t o ,  T .,  and Nakamae, K .? 1966, J .  Polymer S c . ,  C, 1 5 , 75.
Schmid, E .,  and Boas, W., 1950, P l a s t i c i t y  o f  C r y s ta ls , Hughes, London.
S e to , T . ,  and Tajima, Y ., 1966j J ap . J .  App. P h y s .,£ ,  534.
Siegmann, A .,  and G e il ,  P. H ., 1970, J .  Macromol. S c . ,  B4(3 ) , 557.
Simpson, L. A .,  and H inton, T . ,  1971, J .  M ater. S c . ,  558.
S ta t to n , W. 0 . ,  1967, J .  Polymer S c . ,  C, 2 0 , 117.
S te in , R. S . ,  and N o r r is , F . H ., 1956, J .  Polymer S c . ,  2 1 , 381 .
-  164 -
V in cen t, P . I . ,  1960, Polymer, 1 9 7 .
Ward, I .  M., 1971, J .  M ater. S c . ,  1397.
Yamaaa, M., Miyasaka, K ., and Ish ikaw a, K ., 1971, J .  Polymer S c . ,  
A-2 ,  9_, 1083.
Young, R. J . ,  Bowden, P. B . ,  R itc h ie ,  J .  M., and R id er, J i G ., 1972, 
J . M ater. S c . ,  In p r e s s .
Zhurkov, S . Z . ,  S lu tsk e r , A. I . ,  and Y a s tr e b in sk ii ,  A. A .,  1965,
Sov. Phys. S o l.  S t . ,  (3, 2881.
